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ABSTRACT.
Nineteen old disk G stars in the solar neighbourhood have 
been selected which, according to their UBV photometry and 
their trigonometric parallaxes, have evolved above the zero-age 
main sequence so as to be apparently older than or nearly as 
old as the old galactic cluster NGC 188. The influence of 
microturbulence on the UBV colours has been computed, and it is 
concluded that the positions of these stars in the HR diagram 
cannot be due to abnormal microturbulence blanketing effects on 
their colours.
Effective temperatures for these stars have been obtained
from :
a ) (R-I) colour s
b) photoelectric spectral scans
c) Ha wing profiles
the latter two being calibrated by means of flux constant LTE 
model atmospheres, computed for this project.
A coarse differential curve of growth analysis has been 
carried out with respect to the sun for twenty elements in 
each of the stars from measurements of 376 lines on high 
dispersion plates of the blue and red spectral regions. The 
element-to-iron ratios for several elements are discussed, and 
one of the conclusions is that iron-deficient old disk stars 
are generally no more than marginally carbon deficient, a 
result which is probably not valid for halo stars. An unusual
anomaly concerning the s-process elements copper and zinc in a 
few of the stars is noted, and a tentative explanation is 
proposed. The abundance of lithium in old subgiants is 
discussed. The view that these stars replenish their surface 
lithium supply and then loose it again on a long time scale is 
consistent with the data.
A model atmosphere analysis of neutral and ionised iron 
lines has been carried out, and a calibration set up between 
gravity and electron pressure. Hence spectroscopic gravities 
have been obtained, and it is found that these are significantly 
less than zero-age main sequence gravities in the majority of 
cases. This supports the conclusion that these stars are 
evolved, and hence probably old.
Two visual binaries with ..known orbits were included in the 
nineteen stars observed, and the gravities obtained from their 
orbital parameters are compared with those obtained 
spectroscopically.
By means of a grid of helium-rich model atmospheres, the 
effect of a high helium abundance on the gravity
determinations is considered. Furthermore, it is shown that a 
high helium abundance can, in principle, be detected if the 
trigonometric parallax is accurately known. Although one star 
does show a high helium abundance by this method, the 
conclusion is treated with some caution. For the remainder of 
the stars, the spectroscopic data do not contradict the view 
that their helium abundances are normal. In this case, they
must be very old to have evolved.
The orbital parameters for one of the visual binaries
suggest it is helium-rich, but a more precise determination of
the orbit would be necessary to confirm this assertion.
The ages of the stars have been derived by comparing their
positions in the (M /log T ) diagram with isochrones inter-b o 1 e
polated from evolutionary tracks, using the premiss that their
helium contents are normal. Although the interpretation of the
data is hampered by a lack of a large sample of stars, it is
shown that an age-abundance relation probably exists among old
disk stars. On this basis, the rates of formation of different
elements during the old disk epoch are discussed. However,
there appears to be a small group of very old metal-rich stars
which lie significantly off the age-abundance relation for the
majority of old disk stars. An explanation for their high
abundances, other than that of gradual enrichment of the
interstellar medium by heavy elements, may have to be sought.
The data are shown to be consistent with the view that the
Galaxy has undergone a rapid collapse, and inconsistent with
some of the premisses which lead to the hypothesis of the
ejection of halo stars from the Galactic nucleus. Furthermore,
it is shown that, after the rapid collapse during the halo
epoch, the Galaxy has since then been slowly collapsing for 
9some 6 x 10 years or more .
Since the oldest stars observed apparently have ages of 
9about 11 x 10 years, the Galaxy must be at least this old.
This figure is not inconsistent with ages frequently assigned 
to halo globular clusters, or with the age of the universe, if 
this is supposed to equal the inverse Hubble constant.
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1CHAPTER ONE
A SEARCH FOR OLD STARS
Introduction.
The years 1957 and 1962 mark two important landmarks in our
understanding of the chemical evolution of the Galaxy. The
first of these saw the publication of the famous paper by
Burbidge, Burbidge, Fowler and Hoyle (1957) which showed that all
the elements heavier than hydrogen could be produced in stars.
Furthermore, they concluded that the present heavy element
content of the Galaxy could be explained by stellar synthesis of
the elements followed by mass loss of enriched material
(especially from supernovae, red giants and supergiants) in a 
9time of 6x10 y r . , their assumed age for the Galaxy. Only for 
helium were they uncertain whether some primordial enrichment 
was necessary or not.
In 1962 Eggen, Lynden-Bell and Sandage showed that the 
available data on stellar kinematics and ultra-violet excesses 
supported the view that the Galaxy initially went through a 
phase of turbulent and rapid collapse, lasting only a few 
hundred million years. Stars formed during the collapse have 
eccentric orbits (e > 0.4), with low angular momenta and a 
high velocity dispersion. These are the Galactic halo stars, 
and have iron abundances [Fe/H]<_ -0.6. On the other hand the 
younger disk population have low-eccentricity (e <_ 0.5) , high-
2angular-momentum orbits, a low velocity dispersion and 
[Fe/H]^ -0.6. This theory of Galactic collapse clearly both 
invokes and supports the formation of elements by stellar rather 
than primordial synthesis.
Actually neither of these developments were entirely new; 
Eddington (1930) considered that stars must find energy from 
subatomic processes, and Bethe (1938) showed what some of these 
processes were in the case of hydrogen-burning. The concept of 
stellar populations (in M 31) was discussed in 1944 by Baade 
(1944) and that of Galactic collapse accompanied by heavy 
element enrichment was discussed by Oort in 1958 (Oort, 1958) , 
the same year that Strömgren (1958) discussed the composition 
differences between stellar populations.
Von Hoerner (1960) and Dixon (1963,1966) have given 
additional observational evidence concerning the rates of star 
formation and the Galactic collapse. The latter of these 
authors considered the distribution in the two colour (U-B, B-V) 
diagram of those stars in a cylinder perpendicular to the 
Galactic plane passing through the sun. He concluded that stars 
formed during the collapse phase have [Fe/H]^ -0.1; at the end 
of this phase the iron abundance is spatially fairly homogeneous 
(-0.3 i[Fe/H]4 -0.1), and since then sporadic local enrichment 
has occurred to produce disk population stars with 
-0.3 ^[Fe/H]^ +0.3. However nearly two-thirds of the stars 
were formed early on in an initial col1 apse-phase burst, and 
these have [Fe/H]< -0.2, though those with [Fe/H]< -0.5 are
3rare .
Since the collapse phase lasted for only the first few per 
cent of the present life time of the Galaxy, and since nearly 
all the heavy element enrichment had taken place by the time of 
this phase's conclusion, it follows that, if one is to 
investigate the age-abundance relation for the various elements, 
one has to:
a) use stars at least 95 per cent as old as the 
Galaxy itself.
b) be able to date these stars ideally to within
7a few 10 years (about one-tenth of the total 
enrichment time)
c) use stars bright enough for such an investigation 
to be technically feasible
if useful information is to be gained.
The first of these requirements is not hard to fulfil; in 
fact a majority of presently existing stars satisfy it.
However the second is at present impossible. Kinematics provide 
one of the best age criteria, but they are not nearly accurate 
enough, especially for single stars (rather than a statistical 
sample). Nor are the strengths of the K line emission, which 
Wilson (1963) and Wilson and Woolley (1970) have shown to be a 
measure of stellar age. Stars in old clusters can be dated 
reasonably well using evolutionary theory, but their faintness 
precludes detailed abundance studies. One is therefore
restricted to bright field stars if individual elements are to
4be discussed.
According to evolutionary theory, old field stars much 
more massive than the sun are now highly evolved (or no longer 
ex i s t ) , which precludes an accurate dating because of present 
uncertainties in the theory. On the other hand, old stars much 
less massive than the sun will still have their zero-age main 
sequence luminosities and temperatures, and hence cannot be 
dated by this theory. High velocity giants like HD 122563 are 
examples of the former, and high velocity subdwarfs like 
HD 25329 of the latter.
The oldest field stars for which the best ages can be 
derived are therefore slightly evolved stars of around a solar 
mass - that is, solar spectral type subgiants. The cooler 
these stars are the older they are likely to be. A number of 
such stars exist in the solar neighbourhood with old disk 
kinematics; according to the Eggen, Lynden-Bell and Sandage 
collapse theory they are not quite as old, on average, as the 
halo stars, but they are the oldest in the solar neighbourhood 
whose relative ages can also be estimated by evolutionary theory. 
Some are bright enough for detailed observation. Old subgiants 
in the solar neighbourhood therefore satisfy the above three 
conditions the most closely, and are the best stars available 
for an investigation of the age-abundance relation.
Finally, Eggen (1969, 1971a, 1971b, 1971c) has recently
shown that many nearby stars with common space motions must have 
a common origin. To date he has given seven important moving
5groups with old disk kinematics and with colour-magnitude 
diagrams similar to the old disk cluster M 67. The possibility 
of dating some old unevolved stars, or stars with uncertain 
trigonometric parallaxes, thus arises. In the following 
programme, the stars finally selected all have excellent 
trigonometric parallaxes. However, the fact that six of them 
have been listed by Eggen as old disk moving group members must 
add considerably to the accuracy of their age determinations.
Old subgiants in the literature.
The first mention that there may exist field subgiants
older than the oldest galactic cluster known (at that time, M67)
was in a paper by Johnson (1954), and one of the first lists of
old subgiants was that of Eggen (1955) who discussed the masses
of field stars similar to the subgiant stars in M 67. His list
of twenty nearby stars included spectral types from F6 to Kl
and absolute magnitudes of M -3. However he noted that five
stars (X Aur, ß H y i , y Her, 31 A q l , 6 Eri) were slightly
fainter than the others (M -3.75) . He considered the masses
©were all about 1.25 M , by considering the orbits of the visual 
binary £ Her and of other binaries with subgiant luminosity 
classifications. Of interest among these stars were ADS 755 
(= 36 And, sgKl) and ADS 9909 (= £ Sco, F6 I V ) . The former of 
these stars has been discussed more recently by Faulkner et a l . 
(1966) .
Although Eggen's paper wasn't specifically concerned with
6the ages of the subgiants, Sandage (1958) gave a list of
eighteen subgiants within only fifteen parsecs of the sun, and
a further five probably within twenty parsecs. All these stars
have reliable trigonometric parallaxes, with a mean uncertainty
in of only ±0.16. Sandage gave nine stars significantly
older than M 67 (ß Vir, t Per, A A u r , ß H y i , y Ara, y Her,
231 A q l , 6 Eri, v C M a ) . He considered the age difference
9between these stars and M 67 to be about 2x10 years. Perhaps
the most important point made by Sandage was that these nine
very old stars have a normal (B-V) = f(U-B) relation, and thus
there is no evidence for line - and hence also metal-weakness,
a statement which is true at least to a rough approximation.
The next discussion of old subgiants was in 1959 when Oke
(1959) presented the H-R diagram for 185 stars having
uncertainties in of ±0.2 or less, and lying in the spectral
type range of F5 to K 2 . The absolute magnitudes came from
either trigonometric parallaxes alone, or a weighted mean of
trig, and spectroscopic values. Oke gave sixteen stars
apparently older than M 67, and included in his list are
104 Tau (M = 4.0, B-V = 0.64, G4 V) and HD 190360 (M = 4.3,V V
B-V = 0.75, d G 8 ) , both of which may be among the oldest 
mentioned. Oke discounts the possibilities that any of these 
sixteen stars may either be young stars contracting to the main 
sequence, or more massive stars whose evolutionary tracks may 
happen to pass through this part of the diagram.
Oke also observed a considerable spread in main sequence
7magnitudes, and of five possible explanations, namely
a) unresolved binaries
b) changes in main sequence position with changes 
in composition.
c) pre-main sequence contracting stars
d) old stars, age about lO"*-0 yr.
e) line blanketing effects on (B-V)
he considered only the latter two are likely to be important.
At the same time as Oke's paper, Wilson (1959) published
a similar study, using H and K reversal widths or trig.
parallaxes as least as great as 07080 to obtain absolute
magnitudes. His H-R diagram is similar to Oke's; he found many
evolved stars below the M 67 curve, and these had a sharply
defined right-hand boundary, suggesting an age for the Galaxy 
10of about 10 years.
At this time it was clear that G-type subgiants must 
represent some of the oldest stars in the Galaxy, especially 
since the first evolutionary tracks were now being computed 
(Hoyle, 1959) , and constant-age loci were provided by the H-R 
diagrams for the old strong-line clusters M 67 (Johnson, 1954; 
Johnson and Sandage, 1955) and, later, NGC 188 (Sandage,
1962a,b). However up till now H-R diagrams were complicated by 
the use of a colour index (usually (B-V)) uncorrected for the 
effects of line blanketing.
The first curve of growth analyses of G-type stars older 
than M 67 was by Wallerstein (1962) . Of seven subgiants
8intermediate in age between M 67 and NGC 188 (these were 3 V i r ,
I Per, 16 Cyg A and B, A Aur, 99 Her and p CrB) only two 
(99 Her, [Fe/H] = -0.51; p CrB, [Fe/H] = -0.20) showed signs of 
an underabundance of iron, and Wallerstein concluded, as Sandage 
(1958) already had done, that 'there has been very little 
enrichment of the interstellar medium for a long t i m e ' . However, 
Wallerstein also analysed four stars apparently older than NGC 
188 (6 Tri , 72 Her, HD 152792 , HD 157089) with Mv ~+4.5, and all
these have iron underabundant by a factor of between two and 
four with respect to the sun. Although Wallerstein did not 
discuss the ages of these last four stars, his data would 
suggest that significant heavy element enrichment was continuing 
between the times of formation of these stars and of the seven 
younger stars mentioned previously.
One of the best known examples of an old subgiant in the 
solar neighbourhood is 6 Eri, whose absolute magnitude has an 
uncertainty of only ±0^08. Both Hazlehurst (1963) and Pagel 
(1963) simultaneously published abundance analyses for this star 
finding a wide range of elements with solar abundances, which 
agreed with the conclusions of Wallerstein (1962) for stars of 
this age. Pagel in the same paper also listed twenty-two other 
subgiants of similar age and within twenty-five parsecs of the 
sun. One of these, y Ser ( [Fe/H] = -0.4) , had been analysed the 
previous year by Kegel (1962), and three were in Wallerstein's 
(1962) programme. Pagel plotted the subgiants in the two-colour 
(B-V, G-I) diagram and considered that five stars in addition to
9Y Ser showed signs of metal deficiency (3 Hyi, 50 And, 5 Ser,
X Her, possibly  ^Psc). Another of the bright subgiants was
analysed the same year; this was the southern star 3 Hyi, by
Rodgers and Bell (1963). An underabundance of iron by a factor 
of two was found ([Fe/H] = -0.30). Since Eggen (1958, 1971b)
has shown 3 Hyi to be a member of the £ Her moving group, the 
abundances of other stars in the group are of interest. 
Wallerstein (1962) had analysed two (HD 30455, [Fe/H] = -0.26;
5 Tri, [Fe/H] = -0.43) and €, Her itself was analysed by Heifer
et a l . (1963) who found [Fe/H] = +0.07. However the presence
of the very close KO V secondary may make this last result 
uncertain.
The available data on colours, luminosities and motions of 
a large number of G-type stars were analysed by Eggen (1964) 
who gave colour-magnitude diagrams showing several dozen stars 
apparently older than NGC 188, with values of A(B-V) (the 
correction to (B-V) for line blanketing effects) up to +0.15, 
but none with corrections of more than this value. Since 
Eggen corrected the observed (B-V) indices for line blanketing 
after the method of Wildey et al . ( 1962), applicable to stars
with UV excesses, spurious effects on the H-R diagrams due to an 
underabundance of iron should have been eliminated. However 
stars like 6 Pav with excess blanketing (not considered by 
Wildey et al. (1962)) may still be erroneously placed in the 
diagram. 6 Pav itself appears in an important list in this 
paper of stars probably older than NGC 188, though van den
10
Bergh and Sackmann (1965) and Rodgers (1969) later showed that 
this star is on or very close to the zero-age main sequence. 
However other stars in the list included HR 483 ([Fe/H] = +0.20
(Wallerstein, 1962)), the double stars 104 Tau (ADS 3701) and 
HR 6516 (ADS 10598), 72 Her ([Fe/H] = -0.36 (Wallerstein, 1962))
and x1 Ori, although this last star is shown to have the 
kinematics of the young Sirius group in the same paper. Two 
other stars, HD 169822 and HD 169889 are also considered by 
Eggen to be extremely old; these are a widely separated common 
proper motion pair, and the former is a G-type subgiant 
(Mv = +4.7) lying 1.1 magnitudes above the Hyades main sequence, 
if the latter fainter star is unevolved. This pair has also 
been discussed by Eggen (1965a).
The next development came in 1965 when van den Bergh and 
Sackmann (1965) scanned about 200 stars, mainly G dwarfs, to 
obtain the narrow-band indices A(UV blanketing), r(CN band 
strength) and s(CH, G-band strength) . These authors formed a 
function S(r,s) of r and s which showed a good positive 
correlation with the broad-band 6(U-B) . Of twenty stars with 
negative 6(r,s) only one appeared to be unevolved when plotted 
in the M^, B-V(uncorrected) diagram. However the possibility 
of many of them being older than NGC 188 appears to have been 
discounted by the authors in favour of a blanketing effect on 
the (B-V) colour. The stars 11 LMi, 83 LeoA, HR 4587, and 
51 Peg are cited as being the*most important examples. But if 
this interpretation should be wrong, then the existence of
11
metal-rich G-type subgiants would be striking.
The abundance of lithium in subgiant atmospheres has been
a topic of great importance, because theory predicts a main
sequence convective lithium depletion (by proton annhilation) on
a long time scale. Old subgiants should therefore have a low
lithium abundance. After Conti (1964) determined 6 Eri's
lithium content to be about twice the solar value, both Feast
(1966) and Herbig and Wolff (1966) discussed the lithium and
iron contents of a number of old subgiants. Feast concluded that
many stars showed signs of Li^ production soon after leaving the
6 7main sequence - his data for 3 Hyi ([Li/Ca] - +1; Li /Li -0.45) 
supported this. The latter authors discussed a total of twenty- 
two stars, including HR 4587, a G8 star lying only half a 
magnitude above the zero-age main sequence.
A number of stars without good parallax determinations are 
thought to be old subgiant components of visual binaries; in 
this case the absolute magnitude can be estimated by assuming 
the fainter component lies on the main sequence. Bidelman (1958) 
has discussed the spectral classification of binaries with 
primaries above the main sequence. There are some giants in his 
list which are redder than M 67 giants, but no subgiants are 
mentioned which are older than M 67. However Eggen (1967) 
discussed several binaries with old subgiant primaries, 
including ADS 14424, ADS 15300 and ADS 16173.
In 1969 narrow-band scanner observations of some spectral 
features of late-type stars were published by Spinrad and
Fig 1-1
NGC 108
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Taylor (1969), and seventeen subgiants or old giants were 
included. Of these, they considered all but <5 Eri (Solar 
abundances) and 91 AqrA and x CrB (slightly enhanced metals) to 
have a metal content greater than that of Hyades stars. Such an 
observation was similar to the earlier one of van den Bergh and 
Sackmann (1965), and, if correct, might need further explanation 
to be compatible with the theory of galactic collapse (Eggen et 
a l ., 1962) and with the work of Dixon (1963, 1966).
Recently Glebocki and Strobel (1970) announced a programme 
to measure the iron abundances in two dozen of the intrinsically 
brighter subgiants. Included in their list is 31 A q l , found by 
this author (Hearnshaw, 1971) to be significantly metal-rich 
([Fe/H] = +0.52). This is not the only metal-rich subgiant 
analysed by curve of growth methods to date; 3 vir has been 
analysed by Wallerstein (1962) ([Fe/H] = +0.33) and by Baschek
et al. (1967) ([Fe/H] = +0.26) and t B o o  by Spite (1968)
( [Fe/H] = 4 0.28) though these are less extreme in both age and 
abundance than 31 Aql.
Fig. 1-1 shows the position of subgiants mentioned in the 
literature in the H-R diagram, and table 1-1 is a list of these 
stars.
The selection of very old subgiants.
Two of the main conclusions from the work on old field 
subgiants up to the present time w ere:-
a) the majority of these stars have normal metal
14
abundances, though a few may be deficient by 
up to a factor of about four relative to the 
sun
b) there may be some anomalous subgiants with 
metal abundances even greater than that of 
the Hyades .
So far as the first point is concerned, it is significant 
that NGC 188 itself is known not to be metal-poor (Eggen and 
Sandage, 1969); it may even be metal-rich (Demarque and 
Schlesinger, 1969; Spinrad and Taylor, 1969). Because of this, 
it was decided that a search for we11-documented examples of 
subgiants apparently even older than this cluster would be 
necessary to investigate the age-abundance relationship in the 
Galaxy. 6 Tri and 72 Her, analysed by Wallerstein (1962) may 
already be examples of such stars, and those appearing in Eggen's 
(1964) list may be some more.
As a starting point, Eggen's (1964) data were used, as they 
include (B-V) indices corrected for line blanketing, and details 
of spectroscopic and trigonometric luminosities for a large 
sample of G stars. Those stars in Eggen's tables I and IV
with C >_ 0.60 were plotted in the (M ,C) diagram (C=(B-V) ) .— V c or r .
They were divided into three groups:-
i) Those subgiants within (i.e. redwards of and hence 
apparently older than) the subgiant and evolved main 
sequences defined by NGC 188 (Sandage, 1962a) .
ii) Those subgiants intrinsically brighter than the
15
subgiants of NGC 188, but less bright than 
those of M 67 (generally 3 . <_3.9 )
iii) All other stars (mainly unevolved main sequence 
stars; a few brighter giants).
Those in group (i) are listed in table 1-2 together with 
II (trig.) from Jenkins ( 1952) (including the 1963 supplement) 
and I1ms , the parallax required to place the star on the Hyades 
main sequence of Sandage and Eggen ( 1959) , which is also the 
main sequence used by Eggen (1964) .
Those stars in table 1-2 for which
a) II is significantly greater than II, , .MS Jenkins
b) the Jenkins parallax is well determined - 
generally several values of high weight from 
different observatories all in agreement
appear in table 1-3 together with and C from Eggen (1964).
Those stars in group (ii) (apparently intermediate in age 
between NGC 188 and M 67) are listed in two corresponding tables 
(tables 1-4 and 1-5).
It is possible that some stars not appearing in Eggen's 
(1964) tables are old subgiants. To investigate this 
possibility, all stars in the Bright Star Catalogue (Hoffleit, 
1964) listed as being
a) in the spectral type range F9 to G9 inclusive
b) n . >0"030t n g -
c) observable at Mt. Stromlo (the limit in declination 
is +20° to +30°, depending on m )
Fig 1-2
10 Tau •
•  HR 1536
•  HR 299«
•  P Hyi 6 Erl •
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were plotted in the M^Ctrig.), (B-V) (uncorrected) diagram, and 
those fifteen stars apparently older than or nearly as old as 
NGC 188 appear in table 1-6, together with their trigonometric 
parallaxes (Jenkins, 1952), and parallaxes required to place 
them on the Hyades main sequence at the observed (rather than 
corrected) (B-V). Table 1-7 gives the and (B-V) values of
probable subgiants. It is unlikely that they are highly 
blanketed main sequence stars, though this possibility is not 
ruled out.
Table 1-8 lists details of those old subgiants observed in 
this programme. Stars appearing in lists 1-3, 5 and 7 were 
considered. Those not appearing were either too far north 
(6>+21°) or too faint for reasonable coude exposure times at 
Mt. Stromlo. Two stars not in the above three lists were 
included. These were HR 4587 (HD 104304) - see table 1-4 -
because the R,I photometry (chapters II, VI) indicated that it 
is probably a slightly evolved subgiant, and because it has a 
UV deficiency (6(U-B = -0.04), indicating a possibly 
interesting object; and also the well-known subgiant 6 Eri.
Fig. 1-2 shows the positions of these stars in the 
(trig), C diagram.
The effects of blanketing on the selection of subgiants.
The correction procedure described by Wildey et al. (1962)
for correcting the observed (B-V) colours is applicable to 
dwarfs with UV excesses due to an underabundance of metals.
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The values of C = (B-V) _ quoted here from Eggen (1964)corrected
used this procedure; in the case of UV deficient stars, Eggen 
(private communication) reversed the sign of A(B-V) arising from 
a positive 6(U-B) of equal size but opposite sign to that 
ob s e r v e d .
The index C may not represent only the effective 
temperature for four reasons:-
a) gravity effects on (U-B) and (B-V)
b) microturbulence effects on these colours
c) an underestimation of the size of the 
correction in the case of UV deficient 
stars
d) a (He/H) ratio not equal to that of the 
Hyade s .
Stars above the main sequence are deficient in the ultra­
violet due to their greater Balmer discontinuity. According to 
Eggen (1963) the effect is not great for (B-V)>0.60. However 
Baschek's (1966) model atmosphere work predicted
3 (U-B)/3]_0g g = ~ 0.10 
3 (B-V)/3log g = +0.01
at T = 5780°K and at constant microturbulent velocity. For a e
star one magnitude above the main sequence, this would result in 
about an extra 0.04 magnitudes deficiency in 6 (U-B) which means 
an extra positive correction of about 0.03 to (B-V) in the case 
of stars with net UV excesses. However, this would make them
slightly further above the main sequence, and hence should not
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affect the selection of subgiants.
Helium-rich stars are slightly more deficient in the UV 
than normal helium stars with the same metal to hydrogen ratio; 
this is discussed briefly in chapter VI. The effects of 
microturbulence and meta1-richness are investigated below.
The effect of microturbulence on UBV photometry .
Since lines on the transitional part of the curve of growth 
are sensitive to microturbulence, the overall blanketing and 
colours of a star are also a function of this parameter. Conti 
and Deutsch (1966) have given a theoretical treatment of 
microturbulence effects on the Strömgren indices, and this has 
been discussed by Conti and Deutsch (1967) , Barry (1967) and 
Kraft et al. (1968). Conti and Deutsch (1966) also gave 
approximate results for UBV photometry based on transformations 
from the Strömgren results, and their conclusion was that the 
(U-B) colour was considerably more sensitive to microturbulence 
than (B-V), which was more sensitive to abundance. Because the 
slopes of the turbulence and abundance trajectories in the two- 
colour diagram differ, they concluded it was impossible to 
unambiguously correct (B-V) for the effects of line blanketing. 
Both Bell (1971) and Strom et al. (1971) have also recently 
computed UBV indices for models with different microturbulent 
velocities, from their detailed synthetic spectra. Two stars 
have been reported in the literature as having abnormal b r o a d ­
band colours because of microturbulence effects; these are
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6 Pa v( R o d g e r s ,  1969) wit h  high m i c r o t u r b u l e n c e , and HD 190404 
(Cayrel de Strobel, 1966) with low m i c r o t u r b u l e n c e .
The p r esent redis c u s s i o n  of this effect is rest ricted to 
stars of solar temperature. Smolinski (1969) has outlined a
me th od  of computing b l a n k e t i n g  coefficients in 25A wide bands in 
the spe ct rum of a star differing from the sun only in the value
O
of its m i c r o t u r b u l e n t  velocity. The 25 a bands are contiguous,
and the solar b l a n k e t i n g  in each due to weak (n ), intermediat e 
® ®(n I x ) and strong (n  ^ ^ ) lines is given. Foll owing the
ap pr oxi mate theory of Conti and Deutsch (1966).
n i^n i = A
n / nii ii
X] /  T)III III
1 3
A 4 V4
I
where A and V are r especti vely the ratios of iron abundance and 
total Do ppler velocity to the solar values and n is the fraction 
of the flux removed by the lines. Thus changes in the flux are 
pr od uc ed  only by changes in when V changes. The total
b l a n k e t i n g  c oefficient is
® 3® 4 ©
I + n ii'v + 11 III ( A c on s t an t )
If S is the mean trans m i s s i o n  function of the Johnson U band U
syste m (as tabu lated by M a t thews and Sandage (1963) for one air 
mass, the U filter, 1P21 p h o t o m u l t i p l i e r  and two aluminium
O
reflections) in one of the 25 A intervals, and if F is the solar 
co n t i n u u m  flux in that same interval, then, ignoring d ifferent ia l
b a c k w a r m i n g  effects on F as a function of V, one has
•  ■ mircoturbulence 
blanketing.A(U-B)
■ « abundance 
b la n ke tin g .
- 3.00
- 1.80
- 1.00
- 0.80
- 0.60
- 0.30
- 0.20
- 0.10
+  0.20
+ 0.30
+0.30
+ 0.40
+0.40
+0.50
0.3 A(B-V)
Fig 1-3
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Zf .s . (i-n)
Au = -2.5 log ---- --------
Z f . s . ( i - n  )u
where n = n ^ + ’"’i n '  an<  ^ AU is the change in the U
magnitude (minus the correction to be applied). Similar 
expressions follow for AB and AV. Values for F were interpolated 
from the solar centre-of-disk continuum fluxes given by Labs and 
Neckel (1968) . Although the present results are strictly only 
valid for the centre of the disk of stars of solar abundance, 
temperature and luminosity, they are likely to be a good 
approximation for the integrated light of stars not differing 
greatly from the sun in these parameters. A further discussion 
of the Smolinski method and tables of the adopted solar 
blanketing coefficients appear in chapter II.
Finally, Matthews and Sandage (1963) have shown that, when 
using the transmission functions that they tabulte, then, to 
obtain colours which reproduce Johnson's system, the computed 
A(U-B) = Au - AB must be multiplied by 0.921 and A(B-V) by 
1.024. This was done to obtain the changes in these indices 
from the solar values.
Fig. 1-3 shows the turbulence blanketing trajectory in the 
two colour diagram. The values of log V used were from -0.20 to 
+0.70 in increments of 0.10 (omitting +0.50). Fig. 1-4 shows 
the relationship between 6(U-B) and A(B-V) and fig. 1-5 between
A(B-V) and log V.
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The effect of iron abundance on UBV photometry.
A check on the method of the previous section is provided 
by its ability to accurately reproduce the known (Wildey et al., 
1962) relationship between positive 6(U-B) and A(B-V). The 
computations were carried out in an identical manner to those 
concerning microturbulence changes, except now V was held at 
unity and [Fe/H] = log A took eighteen values as follows:-
-3.0 to -1.0 in increments of 0.4
-1.0 to -0.4 in increments of 0.2
-0.4 to +0.5 in increments of 0.1
The computed relationship between [Fe/H] and A(B-V) is shown in
fig. 1-6. The important result (fig. 1-3) that the 
microturbulence and abundance trajectories are identical is 
immediately seen, in contraction to Conti and Deutsch 1s ( 1966) 
result, and also confirming the validity of the method of 
Wildey et al . (1962) even in the case of stars with non-solar
microturbulence.
For a star like 31 Aql with 6(U-B) = -0.03 (Eggen, 1964)
one deduces a reddening in (B-V) of 0.03 if its deficiency is
due to line blanketing (rather than a gravity effect). Eggen's
C of 0.75 should therefore not be in error for this star. In
chapter IV it is shown that 31 Aql is only marginally cooler
than the sun (A0 = +0.02) , which means C = 0.75 is too red.e
An explanation may be an underestimation of the size of A(B-V) 
for such strong-lined stars, due to a migration of weak lines
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to the intermediate region (saturation), and of intermediate 
lines to strong damping ones. Since the proportion of stronger 
lines becomes progressively greater as one goes to the bluer 
and UV regions of the solar spectrum, it follows that the latter 
migration will increasingly outweigh the former in these parts 
of the spectrum compared with longer wavelengths. Also, since 
saturation implies a decrease in blanketing, and damping wings 
imply an increase in blanketing from the computed values, the 
effect of this is to underestimate the size of the colour 
change in metal-rich stars.
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CHAPTER TWO
OBSERVATIONS AND REDUCTIONS.
Three kinds of observations have been used in this thesis. 
They ar e : -
a) Broad-band photometry.
b) High dispersion spectra.
c) Photoelectric spectral scans.
1) Broad-band photometry.
In addition to the UBV data taken from the literature and 
discussed in the previous chapter, Professor Eggen has kindly 
observed several stars on the Krön (R-I) system (Kron, White 
and Gascoigne, 1953) for this programme. The remainder of the 
stars have (R-I) indices on the Johnson system (Johnson, 1964) 
which appear in the literature. Table II-1 lists this data 
together with its source. The Johnson index of those stars 
observed by Eggen was derived using the conversion relation 
found by Eggen (1971a) between the two systems. This is:
(R-I) = 1.25 ((R-I) + 0.05)J K
and the scatter is neglible.
2) High dispersion spectra.
All the plate material used was taken by the author on the 
coude spectrograph of the 74 in. telescope at Mt Stromlo 
Observatory. The 32 in. camera was used in conjunction with the
O
C grating, which is blazed at 6000 A in the second order and has
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600 lines/mm. For each star two good red plates (Kodak 103aF 
emulsion) and one good blue plate (Kodak IlaO emulsion, baked 
for 48 hours, or occasionally less) were used in the reductions. 
At the coude focus the slit size was 200y, and the spectra were 
widened to 0.86 mm by the rocker. Comparison spectra (argon 
and hydrogen) and two wedge calibration spectra were taken on 
the same plate as each stellar exposure. The calibration 
exposure time was generally 35 min. for the red plates, and 
45 min. for blue ones, that is about a third to a tenth of the 
stellar exposure, and the energy distribution of the calibration 
spectrum about the same as that of a G type star. Red plates
O
were taken in the second order giving a dispersion of 10.2 A/mm, 
and a Schott GG 14 filter employed in the light path to eliminate
O
higher orders. Blue plates were in the third order at 6.7 A/mm, 
and a GG 13 filter used. If density is defined as the fraction 
of light not directly transmitted by a microphotometer beam, 
then the maximum densities in the stellar spectra were generally 
between 30 per cent and 70 per cent; a density of 60 per cent 
was considered ideal. Measurements on low density plates have 
large random errors, whereas on highly exposed plates, small 
calibration errors can cause systematic errors in the equivalent 
widths.
Table II-2 lists the plates used. The date refers to the
start of the night on which the plate was commenced, p max is
the maximum density in the stellar spectrum, N is the number of
lines used in the R vs - log W/Ä calibration. A few platesc
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were calibrated using the calibration spectra of other plates, 
whose numbers are given. All plates were developed for 7 min.
O
at 20 C in D-19 developer unless stated otherwise in the notes. 
Plate Tracing.
The plates were traced on the Hilger mircophotometer at 
Mt Stromlo Observatory at a speed of 1 cm. of plate per 6 min. 
The slit width, as projected on the emulsion was 24y,
O T Ocorresponding to about for the red spectra and —a for blue6
ones. The signal was recorded on a Brown recorder after 
amplification (Keithley D C amplifier).
The Moseley X-Y recorder has frequently been used (see 
for example Bessell (1967) and Schmidt (1969))in conjunction 
with the Mt Stromlo Hilger to obtain directly an intensity 
tracing. This method was, however, not used in this programme, 
as there is no simple and accurate way of allowing for 
variations in background chemical fog over the length of the 
spectrum. Also the X-Y recorder was thought to have an 
undesirably large time constant. Consequently a method of 
obtaining equivalent widths from a density tracing was devised. 
The procedure for tracing was:
a) Trace the fog level immediately below the 
stellar spectrum at a speed of 1 cm per 36 sec.
(lOx stellar speed).
b) Record the dark level on the tracing by blocking
out the beam.
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c) Trace the spectrum at 1 cm per 6 min.
d) Re-record dark level (in practice, did not vary 
from (b ) )
e) Trace the upper fog.
f) Trace the calibrations at right angles to the 
dispersion, at 1 cm. per 6 min. and at Ha for 
red plates and Hy for the blue plates.
In the case of several red plates, a check was made on the 
wavelength dependence of the calibration by comparing the 
calibrations at the Na D lines with those at Ha. In most cases 
there was no difference; in a few there was a small change in 
the shape of the toe part of the curve which was, however, 
ignored.
Solar plate material.
A number of plates of the blue day-time sky were taken and 
the best two red and two blue plates selected. They were 
exposed, processed and traced in an identical manner to the 
stellar spectra except that:
a) No rocker was used, the sunlight filling the 
length of the slit, which was about 18 mm,
giving a spectrum about 2.5 mm. wide. Generally
2about j of the width was used when tracing the 
plates.
b) The calibration spectra were taken on separate 
plates from the same box, and processed under
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the same conditions.
c) No comparison spectra were exposed.
The solar plates are listed in table II-3.
Line identifications.
Lines were initially identified by comparison of the 
of the tracings with the 'Photometric Atlas of the Solar 
Spectrum' (Minnaert, Mulders and Houtgast, 1940) and with the 
solar identifications in 'The Solar Spectrum' (Moore, Minnaert 
and Houtgast, 1966). Those lines which appeared not well 
resolved from close neighbours, either in the solar atlas or 
the stellar spectra, were rejected. Generally, a separation of
i °about 2 A was considered the limit. This compares with a total 
half-width of the instrumental profile for the 103aF plates of
O0.4A (Schmidt, 1969). In addition, all lines listed as blends 
in 'The Solar Spectrum' (Moore, Minnaert and Houtgast, 1966) 
were rejected. A list was then drawn up containing 223 red
O  Olines in the wavelength range of about 5500A to 6800A and 147
O Oblue lines in the range from 4460A to 4920A. In addition six
O  O
lines of the CH molecule, lying in the range, 4200A to 4400A 
were included. The blue plates extended down to at least the 
H and K lines of ionised calcium; however, the measurement of
O
lines blueward of 4460A poses problems in the more highly 
blanketed of the stars because of the uncertainty in the 
continuum level and the large number of blends. The lines 
used cover 20 elements, and four of these are represented in 
two ionisation states (I and II), as shown in table II-4.
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Equivalent width measurement.
A method was devised for obtaining the equivalent widths
of atomic lines from a density tracing which was both reasonably
fast and accurate. It involves approximating the line profile
to a triangle, and measuring the densities at the line centre,
p i . n > and in the continuum at the same wavelength, P con» These
densities were then converted to intensities In r , Ilrn con
(arbitrary units) by four-point Lagrangian interpolation in the
calibration curve for that plate, and then the central depth
R found f rom: c
R = ^con - 1lin c -------------
Icon
Many of the lines in each plate were affected by noise, 
but for those that were not (N of them) the distance across the 
base of the triangle at the continuum could be measured (in
O
inches), and, when multiplied by the tracing dispersion (in A/in) 
this gave AA. The equivalent width is then:
W = Ar .AA 2 c
The quantity -log W/A was then plotted against R and the bestc
fourth order curve through the points computed by the method 
of least squares. This polynomial was then used to compute 
the equivalent widths of the remainder of the lines from their 
central depths. Equivalent widths have been obtained from 
central depths by a number of previous workers, notably by 
Cayrel and Cayrel (1963) for e Vir, who consider there is
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little or no loss of accuracy by so doing. The R.M.S. deviation 
about the mean curve was always small, 0.05 in log W/X being a 
typical value.
The procedure for reduction of the tracings was, then, as
follows. A mean line was drawn through the noise of the chemical
fog tracings, and then the mean of above and below the stellar
spectrum taken for each centimetre along the plate. This
slowly varying fog level was then drawn in as a 'zero' line
below the stellar spectrum tracing. In addition the mean level
of the continuum was drawn in by eye, and the reading of the
dark level recorded. The continuum was easy to locate for the
red plates, and certainly not difficult for the blue ones where
only the less blanketed red end was used. For every line to be
measured, three numbers were recorded from each tracing; these
were the level of the tracing in the centre of the line, and the
level of both the continuum and the chemical fog (or zero) at
the same wavelength. By measuring the fog level for every line
in a plate, variations in this quantity along a plate were
satisfactorily taken care of. From these three measurements,
the densities p ancj p were computed for each line. Forlin con
those N calibration lines in each place, the sides of the 
triangle were extended if necessary up to the continuum level, 
and the distance across the top measured to an accuracy of 
l/100th of an inch. It may be objected that the triangle 
approximation breaks down for strong lines because of the 
presence of damping wings. This is certainly true when
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considering the absolute error; however the percentage error in 
W, or change in log W / A , is not seriously large. The worst 
affected lines were the sodium D lines which were given little 
weight in the determination of the Na abundance, and these were 
the only metallic lines measured with signficant wings. The 
error due to wings was also reduced by analysing the stars 
differentially.
Since two red plates were taken of each star, the 
unweighted mean of the log W/A values was taken for all the 
lines measured in common. In those cases where a few lines 
were unmeasurable on one of the plates, then the single value 
of log W/A was used in the analysis without applying a 
reduced weight. As a check on the agreement between two plates, 
the equivalent widths were plotted against each other for every
Opair of red plates. In general a 45 line through the origin 
fitted the points well. The dispersion about this line was 
often considerable especially at the weak end. A typical value 
was around 0.1 in the logarithm.
Each plate had two wedge calibration spectra and the mean 
of these was taken. This was done by measuring ten densities 
on both curves at ten equally spaced values of intensity (the 
first being zero). The size of the intensity increment was 
adjusted so that the ninth was just larger than the highest 
density encounted in the stellar spectrum. In this way it was 
always possible to use four-point Lagrangian interpolation, with 
two tabulated points on either side of the point to be
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interpolated.
Since all the plates were traced in an identical manner,
the average dispersion on a red tracing was always about 2.76
°  2 °A/in., and on a blue tracing — of this value (1.82 A/in.)
However each plate was measured independently to allow for
possible fluctuations in the recording rate. For blue plates
the distance on the tracing between the lines:
Fel (554 )
and Fel (68)
was measured to l/100th of an
In the case of red plates
be tween:
Fel (1180)
and Fel (207)
and be tween Fel (207)
and Fel (268)
was taken for each plate. The
slightly less dispersed than
4736.780 
4494.568 
inch.
the mean of the dispersions
5862.357 
6200.323 
6200.32 3 
6677.993
ue half of the plate was always 
red half, but the difference
was always less than 0.02 A/in. on the tracing. The lines used 
were chosen for their accurately known wavelengths (taken from 
C. Moore's (1959) 'Multiplet Table of Astrophysical Interest') 
and for covering a large range of wavelength without encroaching 
on the poorly exposed regions at the ends of the plate.
The measurement of the Ha profile will be described in
chapter IV .
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3) Photoelectric spectral scans .
Photoelectric spectral scans were obtained using the 
scanner attached to the 50 in. telescope at Mt Stromlo. An ITT 
FW130 photo-cell with S-20 cathode was used for the single 
scanning channel, while a 1P21 (S-4) cell was used on the monitor
channel. This latter cell receives about 10 per cent of the 
light prior to disperson and, when used in the reductions, 
should eliminate errors due to small fluctuations in the light
O
entering the scanner. The grating used was blazed at 5000 A in 
the first order, which was the order used for all wavelengths.
OThe band passes were 50 A, necessitating an exit slit of 2.8 mm. 
in front of the S-20 cell. The circular entrance aperture used 
was 2 mm. in diameter, corresponding to 16 seconds of arc. The 
instrument operates by integrating the signal in both scanner 
and monitor channels at selected wavelengths. The integration 
time chosen was 10 sec. The wavelengths used were initially 
those of Oke (1964), but later on in the programme it was 
decided to change to the wavelengths of Hayes (1970), which 
correspond, however, to the former wavelengths in most instances
O
(see table II-5) . The range covered was from 3300A in the blue
Oto 7550 A in the near infra-red. The grating was driven 
automatically between wavelengths by a stepping motor from 
punched-tape instructions. To eliminate unwanted orders a
O O
Schott 0G5 filter was used between 6056A and 7550A. The output 
was recorded in digital form by a typewriter. A more complete 
description of this instrument and its operation may be found
elsewhere (Rodgers and Searle, 1967) .
Usually three or four scans were obtained of a star on a 
given night, and each star on at least two nights. Between one 
and three Hayes standard stars were also observed during a night, 
and an extinction star observed at both high and low zenith 
angles. Since all the stars in this programme are bright, 
contamination of the stellar signal by sky background light was 
unimportant even during bright moon. Consequently the sky 
background was scanned only once or twice during a night, and 
not for every star. The dark current of both cells was 
meas ured.
Scanner reductions .
The scans were reduced using a set of four programmes 
written by the author for the IBM 1620 at Mt Stromlo. The first 
corrected the sky background for dark current and an arbitrary 
zero point in the digital print-out; the second computed an 
extinction coefficient a in magnitudes per unit air mass forA
-4each wavelength. These coefficients obeyed a Rayleigh X 
scattering law, that is:
a = — + B
X A 4
The coefficients A and B were obtained for each night by the 
method of least squares, and also the R.M.S. deviation about the 
straight line. Actually the value of the grey term B does not 
affect the final results.
The third programme computed the sensitivity function of
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the instrument from the scans of the standard stars, the mean
of all scans of all standard stars scanned on a night being
taken. The sensitivity function, expressed in magnitudes, falls
off steeply at blue and red ends of the wavelength range, owing
to both the cell's sensitivity function and the departure from
s tthe grating's blaze wavelength. If F is the flux from a
s tstandard star and S the signal recorded, and if F*, S* are the 
same quantities for a programme star, then:
or
-2.5 log F* = -2.5 log S* -2.5 log (FSt/sst)
s tThe values of F were taken from Hayes (197 0) . The last term 
is the sensitivity function. This should vary smoothly with 
wavelength except where the 0G5 filter was inserted; this was 
always found to be so, except at the single Hayes' wavelength of
O3862A near the Balmer discontinuity. An error of a few angstroms 
in the wavelength setting could easily have caused this, as the 
band lies between the hydrogen lines in the standard stars.
During 1969 the Oke wavelengths were used, but the scans 
were re-reduced when it was decided to employ the Hayes' 
wavelengths together with the Hayes a- Lyrae calibration. 
Interpolation in the Hayes' standard fluxes was therefore 
necessary at a few of the Oke wavelengths. In addition the
O Owavelengths 5400A and 5714A were also used in the earlier scans 
and interpolation was again necessary. The wavelengths are
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given in the table II-5.
The fourth programme computed -2.5 log F for each 
programme star scan, and took the mean of these quantities for 
each scan of the same star. All the magnitudes were expressed
O
relative to the magnitude at 5556A. In table II-6 the nights 
used and the number of scans per star for each night are listed.
Deblanketing of the scans.
An approximate method was devised for deblanketing the scans
to obtain continuum magnitudes. The method is to take the known
©blanketing in the scanner band-passes for the sun (ri. ) and applyA
ka correction to these for each star to obtain n . The size ofA
the correction was estimated by measuring the blanketing in a
Osingle band at wavelength A , (that at 4464A was chosen) fromo
the high dispersion coude plates. The problem is, knowing the 
* ® *ratio (ri, /n, ) , to find n for all the other wavelengths. To
^  O ^  O ^
assume it would be proportional to the ratio at X o would be a 
poor approximation, as the blue bands contain, on average, a 
higher proportion of strong lines than the red ones, and strong 
lines increase their equivalent widths more slowly than weak ones 
for a given change in stellar parameters, such as abundance and 
temperature. To solve this problem, the data of Smolinski (1969) 
has been used. Smolinski has divided the contributions to the 
solar blanketing into three groups, based on the strengths of 
the lines, (weak (I), intermediate (II), strong (III)). Thus:
I II IIIn -v = n , + n . + n.
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The division depends on which part of the curve of growth the
lines fall on . Smolinski then uses the approximate method of
Conti and Deutsch (1966) , wh i ch give s the change of each
component of blanketing caused by changes in abundance A and
total Doppler velocity V (A and V are the ratios of abundance
and velocity to the solar values)•
This i s
*1 . ©I
n x / n A = A , weak lines .
* I I ® I I
" A  / h =
l
4A
3
4V intermediate lines .
*111 . ©Ill
n A / n A
l
A4 strong (damping) lines.
Deutsch (1966) appears to prefer a fourth-root relation for 
damping lines in dwarfs, so this was used.
An additional approximation was now made. Nearly all the 
blanketing in G stars comes from the lines of neutral elements, 
and the change in blanketing with temperature is predominantly 
due to the change in abundance (by ionisation) of the neutral 
species, and not by a change in the velocity V. Hence, over 
small ranges of temperature, and assuming that microturbulence 
differences between the stars are small, V can be set to unity. 
Defining y b y :
then
y
l
4= A
* I ©I 4
n A ■  n A  W
* 11 ©II
n A =  n A y* ©III
V 11 “  n  A y
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and
In particular
*
n A =
(SI
n A
4y + , ®ii(nA
©III
+ n x
*
_o >-■ 
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©III
+ V
) y 
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If the quartic in the last equation can be solved for y, then 
*the at other wavelengths can be found. A programme written
for the IBM 1620 at Mt Stromlo solved the quartic numerically, 
by guessing a y value, then correcting the guess. The values of
•knA were then computed, and the blanketing correction to the
monochromatic scanner magnitudes found from:
cont obs „ n „m^ = m^ + 2.5 log(l-n^)
ml_ . - ® , ©I ©II ©IIIThe values of n and n , n , n , were taken fromA A A A
Smolinski (1969), and from Labs and Neckel (1968). Both these
references are in good agreement, but refer, unfortunately, to
the centre of the solar disk. The centre to limb variations of
solar lines is complicated; some increase, others decrease.
Labs and Neckel (1968) adopted n disk/n centre = 1.03 after
*Holweger (1967) . In this work the observed ri values wereA
® ®simply multiplied by the ratio of n (Smolinski) to n
A o A o
(observed, whole disk) to reduce them to the Smolinski centre 
of the disk scale.
Smolinski lists the three blanketing components out to
0 ©6000A; redwards of this the Labs and Neckel n values wereA
divided according to the proportions n^1 : r)?1"*": nf111 = 3:2:0.
The wavelength limits of the bands used by Smolinski and by
Labs and Neckel in general do not coincide with the scanner 
©bands, so the n values were derived on the basis of how much
42
the former bands overlapped with the latter. Table II-7 gives 
the values used.
*The values of r). were measured for each star by
A o
O
planimetry of intensity tracings of this region (4440A to 
0
4490A) from the blue coude plates. These tracings were obtained 
using the Moseley X-Y recorder attached to the Hilger 
microphotometer at Mt Stromlo, using a standard mean calibration 
curve for baked IlaO plates.
The observed and deblanketed monochromatic magnitudes for 
the stars are given in table II-8.
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CHAPTER THREE.
MODEL ATMOSPHERES AND LINE PROFILES.
One of the principal aims of this work is to find evidence 
for the evolved state of the programme stars. The corrected 
(B-V) observations coupled with the trigonometric parallaxes 
(Chapter I) should be treated as a rough guide; using more 
refined observations it should be possible to improve both the 
temperature and the parallax. The observable differences 
between a slightly evolved and a main sequence G star 
atmosphere are, however, very small, and detecting them at all 
hinges critically on having an accurately determined effective 
temperature. In this chapter it will be shown that it should 
in principle be possible to derive a spectroscopic parallax 
(or gravity) if the observations are compared with model 
atmosphere s .
The models described here were computed by the author
using an IBM 360 programme written by Brooke (1969) , Hain
(1969) , Schmidt (1969) , and others at Mt Stromlo. I am
grateful to them for making this programme available. The
programme computes plane-parallel non-convective LTE
atmospheres in hydrostatic equilibrium without line blanketing,
with the following sources of continuous opacity: electron
scattering, atomic H, H (free-free and bound-free), Rayleigh
scattering from atomic H and H ^ • He (free-free) , H^ (free-
4*The last of these opacities (H^ ) was addedfree) and H
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to the programme by the author using the data of Mihalas (1964) . 
The programme iterates a t (t ) relation to radiative flux 
constancy of better than 1 per cent by the Avrett-Krook (1963) 
procedure and gives surface fluxes in the output.
Brooke, Hain and Schmidt have described the programme in detail.
The input parameters for the models were effective 
temperature T , surface gravity g, metal to hydrogen ratio and 
helium to hydrogen ratio and also a trial T(t ) relation. The 
metal abundance refers to a total of 35 elements heavier than 
helium (listed by Brooke (1969)) whose relative proportions are 
always solar when the metal content is changed. In particular 
the logarithmic solar iron abundance is taken as 6.57, although 
a much higher value has recently been proposed (Garz, et a l ., 
1969; Baschek et al., 1970).
Two additional programmes written by Schmidt (1969), were 
used to compute the line profiles and the equivalent widths of 
selected metallic lines, and of hydrogen lines. For the former 
programme ten neutral and ten singly ionised iron lines were 
chosen; they appear in table III-l, and correspond to lines 
which were measured on the blue and red plates taken. The 
hydrogen line programme was restricted to Ha. For metallic 
lines, the line opacity was computed from the Voigt profile, and 
the Boltzmann equation and the Saha equation for three
O
ionisation states. Surface fluxes were computed every 0.05A 
from the centre, and equivalent widths by Simpson integration 
of the profile. The input parameters were microturbulent
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velocity (assumed to be independent of depth), damping constant, 
iron abundance, gf value and excitation potential of the lower 
level together with a model atmosphere from the output of the 
first programme. Solar values given by Allen (1962) were used 
for the microturbulent velocity (1.3 km/sec) and damping constant 
(log a = -1.8) for all the models. The gf values for neutral 
lines were those of Corliss and Warner (1964) corrected by the 
removal of the normalisation function as recommended by Cowley 
and Warner (1967). Ionised lines' values were from Warner (1968). 
However the final differential results from the models will not 
depend on the gf values used, and hence their accuracy is not 
crucial. Excitation potentials were taken from 'A Multiplet 
Table of Astrophysical Interest' (Moore, 1959) .
In the Ha profile programme the broadening by charged 
perturbers by the linear Stark effect was included by using 
the Stark function of Griem (1964 ) . Griem's is not the only 
formulation of Stark broadening in hydrogen, and Schmidt (1969) 
has compared the Griem profiles of giants with those based on 
the scheme of Edmonds, Schlüter and Wells (1967) . However, in 
the present work, it is only the difference in the Ha profile 
between star and sun which is considered, and hence any 
systematic errors in the computed profiles will largely cancel. 
Resonance broadening by neutral H atoms was included, using the 
formulation of Gompertz and Hindmarsh (1969). A full description 
of the line profile programmes is given by Schmidt (1969) , to
whom I am grateful for making them available. A microturbulence
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of 1.5 km/sec. was used, but according to Schmidt the wing 
profiles are insensitive to this value.
To summarise the foregoing, there are four main input
parameters to specify a model, viz. 0 (= 5040/T ), log g,e e
and Y and Z (the mass fractions of helium and heavy elements). 
The observable parameters are the slope of the continuum between 
the Balmer and Paschen discontinuities, the Ha profile, the 
strengths of neutral Fe lines, and the strengths of ionised Fe 
lines, and all these four are given by the models. In addition 
the models have an excitation temperature and Balmer jump 
associated with them, but these are respectively difficult to 
interprete and difficult to observe. The observational 
problem is to proceed backwards from the second set of 
parameters to the former set.
In the first instance a three-dimensional grid of models 
was computed in which the helium to hydrogen ratio Y/X was kept 
constant. The problem of the helium abundance is important 
but difficult, and will be discussed later. A total of ninety- 
nine flux constant atmospheres comprised this grid, which 
consisted of:
a) eleven effective temperatures ranging from
0 = 0.80 to 0 = 1.00 in increments of A0 = 0.02e e e
and designated in order by the numerals 1 to 11.
b) three gravities, viz. log g = 3.6, 4.0, 4.4 and
designated in order by the letters A, B, C.
c) three metal to hydrogen ratios as follows:
Abundance [M/H] C X , Y , Z ) d e s i g n a t i o n
solar 0.00 (0.603,0.379 ,0.018) NOR
m e t a l - w e a k -1.00 (0.613,0.386 , 0.0018) MEW
me t a 1 -rich + log 3 (0.582,0.366 ,0.052) SMR
The gravity of log g = 4.4 was assumed to rep r e s e n t  both 
the zero-age main sequence and the sun with sufficient accuracy. 
The other gravities were chosen from the consid e r a t i o n  that 
m o s t  of the stars, from the data of chapter one, lie about a 
m a g n i t u d e  above the main sequence. If one assumes that a star 
of about one solar mass initially evolves v e r t ically (brightens
a t con st ant T e ) , then , wr iting L, m, g, R and T for the ratios
o f l u m i n o s i t y , mas s r gravity, radius, and effective temperatu re
o f the star to the sun , one h a s :
L = 2 4 R T
and m 2gR
so L =r 4 ,mT /g
or 0.4AM bo 1 s A log g
Hence log g changes by 0.4 for each magnitude rise above the 
m ai n sequence. The solar Z value of 0.018 is from the 35 
elemen ts tabulated by Brooke (1969), using the abundances of 
Bode (1965) and Allen (1962). All the elements up to g a l lium  
are included, and also K r , Sr, Y, Z r , Nb and Ba.
Ana lys is of the model r e s u l t s .
a) C o n t i n u u m  s l o p e . An index to describe the slope of the 
con t i n u u m  from the green to near infra-red was used to 
inv es tigate the effect of metal abundance and gravity on the
p
00
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slope. It was defined as:
C = -2.5 log. (F ( A  = 4798A) /F ( A  = 7954A))10 v v
The value of C was found to be a rapidly varying function of 
temperature, but for all practical purposes, independent of 
metal abundance and gravity. The continuum slope has been used 
to derive effective temperatures in this work (Chapter IV).
The C values appear in table III-2. The models' fluxes are 
displayed in fig. III-l.
A comparison of the continuum slopes of the log g = 4.4 
models was made with those computed by Lungershausen from the 
programme of Mihalas (1964) for main sequence stars. The 
results showed a difference of exactly 0.02 in 0^ between any 
two models with the same continuum slope, in the sense that the 
Lungershausen models have the higher temperatures. In the next 
chapter it will be noticed that a solar effective temperature 
of 0.89 is derived when comparing the solar continuum flux data 
of Labs and Neckel (1968) with the author's models, which is 
0.02 more than the temperature given by Labs and Neckel for the 
sun. This may be evidence for a systematic error in the 
models used here, but this of course depends on the accuracy of 
the solar fluxes over the entire wavelength range, and of the 
total solar blanketing coefficient used in correcting the model 
temperatures for backwarming.
b) Ha profile. The Ha profiles were analysed in the wings
Oonly, by obtaining the total widths (in A) across the profile
at residual intensities of 0.80, 0.85 and 0.90. These widths
Widths of Ho for R»0.90, 0.85,0.80 and log g«4.0
\  0.90
0.90 \
♦log 3
\  0.90
\  0.85
0.85 ^
0,80 •••
Fig III-2
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are known to be a sensitive function of temperature for G stars;
the additional dependence on gravity and metal abundance was
investigated. The gravity dependence was found to be small.
The error in temperature by adopting the Ha profile for a model
differing by 0.4 in log g from a star's true gravity is of the
-3order of only 10 in 0 ; only errors of about 0.01 weree
regarded as important, and consequently all stars were compared 
with Ha profiles for log g = 4.0.
The dependence of the Ha wings on metal to hydrogen ratio 
turned out, however, to be highly significant. The effect has 
been discussed in detail by Peat (1964) who also noticed a 
tendency for high velocity (often metal-poor) stars to have 
strong Ha lines for their temperatures. Peat showed the dominant 
broadening mechanism in the Ha wings of dwarfs is not Stark 
broadening, which increases with electron pressure, but 
instead resonance (self), Van der Waals and natural damping.
These last three broadening terms all obey a Lorentz profile, 
and in the case of the resonance and Van der Waals' terms, the 
damping constants increase with the gas pressure. Reducing the 
metal content reduces the electron pressure and hence the 
continuous H opacity, and this increases the strength of the 
Ha line. The effect is particularly marked for cooler stars 
where the electrons come from the metals. Fig. III-2 shows the 
variation of the Ha wings with model temperature and metal 
abundance (model temperature refers to the effective 
temperature of the line-free model without a backwarming
correction) . For example, a star of one tenth solar metal 
abundance whose effective model temperature is 1.00 will have Ha 
wings as broad as a solar abundance star whose effective model 
temperature is 0.92. This difference is large; it is slightly 
less if backwarming corrections are applied, as the corrections 
are a slowly increasing function of metal abundance. Peat 
(1964) also showed that the ratio of pressure to Stark 
broadening in Balmer line wings is greatest for Ha, and 
decreases for the higher members. For this reason Ha is more 
sensitive to metal abundance than other lines.
Gravity has only a small influence on the Ha wings as the 
effects of electron pressure, through the H opacity, and of gas 
pressure, through pressure broadening, both of which increase 
with an increase in gravity, act in opposite directions on the 
wings. Actually gas pressure wins by a small margin, but this 
is not so in the Ha core where Doppler broadening masks the 
pressure broadening. Thus in a G subgiant, the wings are 
marginally weaker and the core stronger than in a main sequence 
star of the same temperature, whereas in a metal poor star the 
entire profile is considerably strengthened.
c) Iron lines. The iron lines were analysed by performing 
a differential coarse curve of growth analysis for each model 
in an identical manner to the analysis of the stars (Chapter V ) . 
Only the total line strength, and not the line profile was 
therefore taken into account. The analysis was performed with 
respect to the solar model (model 3/C/NOR) by deriving log n 0
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values from the equivalent widths by interpolation in Wrubel's
ccke/e,€t s c- usffe
curve of growth for ro ab-&orption on the Milne-Eddington model
using B°/B^ = 2/3 (Wrubel, 1949). n is ratio of the line too
the continuous opacity at the line centre. The shift [n ] ofo
each Fel line in a model to bring it to the solar curve was
plotted against excitation potential and the slope of the
least squares straight line gave the excitation temperature 0^^
while the intercept with the [nQ] axis gave shifty, the curve
of growth shift for neutral lines. The Fe I lines were selected
for having a fairly wide range of lower excitation potentials
which enables 0 to be found. The Fe II lines did not, and theex
neautral line excitation temperature was used to find the
intercept, shift , for Fe II lines from the straight line of
slope in the [nQ ] vs. X plot which gave the least dispersion.
The electron pressure follows from the Saha equation for the
first ionisation of iron, and is:
[P ] = shift - shift - I .A0 — 2 - 5[0]e I II
An effective model temperature for the sun of 0.84 was
chosen because, according to Labs and Neckel (1968), the true
solar 8^ is 0.873 and the total blanketing coefficient is 14.5
per cent over all wavelengths, giving a backwarming correction
of C.030. The terms in 0 in the relation for [P ] refer toe
ionisation temperature. The solar value of 0.89 after Unsold
(1955) was used, and 0. assumed to equal (0.89 + A0 ) .ion ^ e
A comparison was made of the line strengths computed from
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model 3/C/NOR for the integrated sun with those measured by 
the author from plates of the blue sky (in each case mean of two 
plates), and those given by Moore et a l . (1966) for the centre
of the solar disk. The results are shown in table III-3. The 
agreement between all three sets of equivalent widths is good, 
though there is an overall tendency for the Moore equivalent 
widths to be larger than the other two by about 0.05 in the 
logarithm. If there is any filling in of solar lines in the sky 
spectra, then it is by much less than the random errors of 
measurement, and no correction has been applied to the blue sky 
equivalent widths in the subsequent analysis. Hunten (1970) 
has recently discussed this effect.
Interpretation of the electron pressure.
The measurement of gravitites from electron pressures is 
probably the best method available for G stars. Cayrel and 
Cayrel (1963) however, used the damping constant (for e Vir) 
which is reduced by the smaller collisional damping in lower 
gravity stars. The present method is based on that used by 
Schmidt (1969) for cepheids, and is similar to that of Pagel 
(1964 , 1965 ) .
Lowering the gravity in a stellar atmosphere lowers the 
pressure, including the electron pressure, which promotes the 
further ionisation of both Fe (which is nearly all ionised) and 
H (nearly all neutral H ) . The ratio of the Fe I to H 
abundances therefore hardly changes, and the percentage change in 
Fe II abundance is also negligible. The decrease in continuous
Zism-3
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opacity thus strengthens ionised lines, while the neutral ones 
are unaffected. The situation is complicated however by 
variations in metal abundance which also affect the electron 
pressure, especially for the cooler stars. Thus electron 
pressure is a function of temperature, gravity and abundance. 
This is displayed in fig. III-3 where the variation of [P ] with 
effective model temperature for different gravities and metal 
abundances is plotted. Errors in the temperature measurement 
will produce errors in both the electron pressure and metal 
abundance (derived from the curve of growth), and all three of 
these errors will produce errors in the gravity. Everything 
thus depends on a good temperature determination, which will be 
described in the next chapter. A simplified mathematical 
treatment illustrates the method.
The equation of hydrostatic equilibrium is:
dP
__a = 3l
d T K
and an approximate solution is 
p = 9T9 7“
Here k is the continuous opacity/gm. Expressing this as a 
logarithmic difference between two stars at the same optical 
depth:
[p ] = [g] - 1 k] 1 •g
If the main source of opacity is H , which it is for G stars 
except in the ultra-violet, then:
5 7
K = a (H ) . N (H )
Here a(H ) is the H ion's cross - s e c t i o n  (a function of 
wavele ngt h) and N referes to the number/gm., in this case, of 
H ions . S o :
[<] = [N(H_ ) ] 2 .
In LTE the number of H ions/gm. follows from the Saha 
eq ua ti on for H , which is:
N (H) . p e + 5_
log ----------  = - AÖ . I - 2 l°g T “ 0.48 + log 2
N(H~)
or [ N (H ~ ) ] = [ N (H ) ] + jp ] + A0 . I - + 2 . 5 [ 0 ] 3.e H
I - is the ioni sation p o t e n t i a l  of the H ion, which equals 0.75
ri
VO Its.
Both the stellar mater i a l  as a whole and the electrons
c o n s id ered by themselves obey a pe rfect gas law, so:
P = pkN T/y g o
and P = N pkTe e
Here p is the total density of stellar material in gm./cc. 
y is the mean mo l e c u l a r  weight.
is the no. of e l e c t r o n s / g m . of stellar material.
N q is A v o g adro's constant.
The mean m o l e c u l a r  weight does not change greatly among G dwarfs 
and sub giants of d i f f erent spectral type pr o v i d e d  the helium to 
h y d ro ge n ratio is the same in all stars, as will be assumed.
Hence [ y ] 0 and :
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P N e o
N = -----e P yg
so [ N ] = [ P ] - [P ] 4.e e g
Equations 1. to 4. can be combined to give
[g ] = [P ] + [ k ]g
= 2[P ] + A0 . I - + 2 . 5 [ 6 ] + ( [N (H) ] - [N ))e H e
The value of ([N(H)] - [N ]) depends on whether the electronse
come from hydrogen or from the metals, which in turn depends on
temperature. Unfortunately, for stars of solar temperature,
both electron donors are important. It is useful to consider
the two limiting cases separately.
For hotter stars hydrogen is sufficiently ionised to be
the principal donor, and in LTE the Saha equation gives
[ N ( H ) ] - [ N ( H+ ) ] = [P ] + A 0 . I + 2 . 5 [ 0 ]e H
where I is the ionisation potential for hydrogen, which equals H
13.60 volts. Equating and N(H+ ) one then derives the
equation:
[g] = 3 [ P ] + 5 [0 ] + (I + I “) ■, A 0e H H
[p ] =e - |[6] - 4.78 A 0
only goes as the cube root of the gravity, and yet
is rather sensitive to temperature.
For cooler stars it will be assumed that the number of
electron donors per gram does not depend on temperature. This
is valid so long as the donors are 100 per cent ionised, which
is a reasonable approximation for G stars. Writing N(M+ ) for 
the number of metal ions per gram, then:
N = N (M+ ) = N (M  ^ )e total
provided the degree of ionisation is unity. Hence for cooler G 
stars :
[g] = 2 [P ] + A0 . I - + 2 . 5 [6] -e H
or [P ] = H g ]  - 0.37 A0 - 7 [Ö] +e *- 4
N(M ., ) in practice refers to silicon, magnesium and iron, thetotal
main metallic sources of electrons.
The result is that electron pressure is more sensitive to
gravity than before (square root dependence), and the change with
temperature is less rapid. One might expect therefore to obtain
more accurate gravities for cooler stars. However, this is not
necessarily so, as the determinations of electron pressure and
metal abundance themselves depend on temperature. The
temperature term in the determination of [P^] is:
-1 . A 6 - 2.5 [0]M
and for metal abundance it is:
-<iM - iH->. ae
where I, , the metals' ionisation potential, is typically about M
eight volts. Putting these into the equations for gravity, it 
turns out, for both hotter and cooler stars, that an error in 
the temperature measurement of 0.01 in 0 will produce an error 
in log g of about 0 .1 .
It is desired to show observationally that subgiants 
lying around a half to one and a half magnitudes above the main 
sequence (according to their trig, parallaxes), really are
N (Mtotal
it
N (H) 
_N (Mtotal
N (H)
subgiants through their low gravities. To do this it will be 
necessary to have temperatures to within about 0.01 in 0, or
Oslightly better than 100 , a difficult but feasible problem,
which will be described in the next chapter.
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CHAPTER FOUR.
THE EFFECTIVE TEMPERATURES.
Effective temperatures have been measured in three ways.
These are from the scans, from the Ha profiles, and from the
(R-I) colours. The scans and the (R-I) colours are both
continuum slope temperatures; however different parts of the
spectrum are employed in each case. The Ha profiles and the
scans were both calibrated by comparing the observations with
model atmospheres, whereas the (R-I) temperature was obtained
from the calibration of Johnson (1966) .
At least three other methods of obtaining effective
temperature have not been used. These are the (B-V) colourc
(corrected for line blanketing), the excitation temperature, 
and the ratio of the strengths of neutral to ionised lines. The 
first of these is unreliable largely because of the inaccuracy 
of the blanketing correction. There is also the possibility of 
gravity effects on the (U-B) colour (as shown by Branch and 
Bell, (1971) for the star HR 244).
Differential excitation temperatures were obtained from 
Fel lines for all the models and the stars. According to the 
models A0 does not equal A0 and also, it depends on metal6 X 6 A- i p
abundance. However the models may not accurately represent 
real stars as the Fel lines are formed at small optical depths 
where the actual temperature prevailing is sensitive to line 
backwarming. Because of this, it is difficult to obtain a good
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calibration between A0 and A0e f f ex.
Finally, the ratio of neutral to ionised iron line strengths 
can be used to obtain effective temperatures. This is probably 
a good method for main sequence stars, but would be less useful 
for subgiants, as the ratio depends on gravity. Since the method 
essentially measures electron pressure, it would clearly be 
inappropriate in the present work, as the electron pressure has 
been used to measure gravity once the temperature is known.
1 . Photoelectric scans.
Deblanketed monochromatic scanner magnitudes (-2.5 log F^)
1  O Owere plotted against / in the range X = 4036 A to 7550 AA
and the temperatures obtained by fitting similar plots from the 
models (computed every 0.02 in 0), by eye. The random errors in 
the scans were generally at least oTo2. However the magnitudes 
at some wavelengths systematically deviated from a smooth
O
continuum; notably that at X = 4255 A was always too bright and 
rejected from the fit.
The temperature of the best fitting model 0^ was obtained 
for each star. This was corrected for backwarming 60 to obtain 
a real effective temperature:
0„ = 0 + 60R M
To obtain a differential temperature with respect to the
sun A0 , the mean spectral solar irradiance data of Labs and R
Neckel (1968) was deblanketed using the line blanketing data of
these authors for the centre of the solar disk. The deblanketed
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data was then fitted to the model fluxes to obtain 0^, usingR
60 = 0.03. The stellar scans were also deblanketed by 
correcting the blanketing data for the centre of the solar disk, 
rather than the integrated disk, so hopefully this source of 
error will cancel in obtaining A0r for the stars.
When fitting the stellar scans to the models the accuracy 
of the scans did not warrant interpolation between models. The 
accuracy of the final results is thus only 0.02 in 0. Table 
IV-1 lists the scanner temperatures.
2 . Ha wing profiles.
O
The total distance in A across the Ha wings for the stars 
was obtained at residual intensities of 0.80, 0.85 and 0.90 from 
the stellar density tracings by using the mean of the two 
density -intensity calibrations for each plate. The intensity 
of the continuum was read from the density at the centre of the 
Ha profiles. The widths in inches (measured to 0.01 inches)
Owere converted to A from the dispersion on the tracing between
O Othe Fel lines at 6200 A and 6678 A (Chapter II). The
temperatures were obtained from the model atmosphere calibrations,
and the mean of the temperatures at the three residual
intensities from each of two plates then gave 0^. This was
corrected for backwarming to obtain 0 , and A0 was obtainedR R
by treating the sky plates in an identical manner to the stellar 
ones.
The internal consistency between the three temperatures on 
a single plate, and between two plates of the same star was
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always excellent, and the random errors were considered to be 
less than 0.01 in 6.
In the first instance the calibration between width and 
temperature for solar abundance stars was used, and it is 
these temperatures which appear in table IV-1. These values 
should therefore contain systematic errors for stars of non­
solar abundance.
No gravity correction was applied; the log g = 4.0 models 
were used throughout.
3. (R-I) colours.
Temperatures 6 were obtained from (R-I) colours on the J
Johnson system, together with Johnson's (1966) temperature
calibration. This calibration is for stars of normal abundance,
but theoretically there should be a small abundance effect,
through differential backwarming, because two stars with the
same infra-red continuum slope may emit differing amounts of
blue-violet light. If 69 = 0.03 is adopted as the backwarming
correction for solar abundance stars of all temperatures, then
the correction to 9 ^ is the change in this backwarming correction
between star and sun.
Thus 9 = 9 + A (6 9)R J
To obtain a differential effective temperature with respect
to the sun, it is necessary to know the (R-I) colour for theJ
integrated solar disk which is subject to uncertainty; Johnson's 
(1965) estimate of this quantity as + 0.26 is probably too blue. 
The value of 0.32 for the mean colour of dwarfs of solar spectral
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type (Johnson, 1965) (his table I) gives an effective t emperat ur e
of 0.87, in agreement with the value of 0.873 obtained by Labs
and Ne ckel (1968) by i n t e grating the total solar flux. Hence this
value has been used to obtain A 6 . Table IV-I lists the results.R
B a c k w a r m i n g  corrections.
By fitting o b s e r vations to a line-free model, one chooses
the model with the best T ( t ) relation. The p r o b l e m  of
b a c k w a r m i n g  is simply what effective temperature to label that
T (T ) relation. If F is the model's line free con t i n u u m  andM
F the real stellar flux (no b l a n k e t i n g  correction) then:R
G T / F dv R
and
G T /F dv M
De f i n i n g  n as the fraction of flux removed by lines, then:
, 4 4 4(T - T )/T M R ' MleM (l - n ) 4M
E x p a n d i n g  this to first order, and w r i t i n g :
60 = (0 - 0 )R M
gives 60 = 56^  = 0R t/(n + 4)
The value of n for the sun has been d i s c ussed by Labs and Neckel
(1968). If the value 0.145 is used together with 0^ = 0.87 then
60 = 0.03 (to two dec. places) which is also the value used by
Oke and Conti (1966) for Hyades stars.
Since the stars in the p r e s e n t  programme are all of about
solar temperature, 0 = 0.84, and henceM
A (60 ) 0.21 An
A change in total blanketing by five per cent of the total flux 
thus causes a change in 60 of about 0.01. If n is reduced from 
14.5 per cent to 9.5 per cent (a change of 5 per cent) and 
if n varies as about the square root of abundance, then this 
represents a metal deficiency of about two times with respect 
to the sun. It is possible to anticipate that several of the 
subgiants have metal deficiencies of this order from their 
UV excesses and from the differences between their Ha and 
continuum model temperatures, and hence these stars have been 
assigned a value of 60 = 0.02. On the other hand 31 Aql has 
excess blanketing, and a backwarming correction of 60 = 0.04 
has been applied.
The validity of the method of backwarming corrections rests 
on the assumption that the change in a T(x) relation by 
backwarming is equivalent to the change in the T( t ) relation 
by reducing the effective temperature.
Mean effective temperature.
Table IV-1 lists the backwarming corrections and mean 
values of differential effective temperature. In the case of 
those stars thought to differ appreciably from solar abundance, 
the mean of only the scanner and (R-I) temperatures has been
used. Otherwise all three temperatures were used.
2For one star, v Lup, the scanner and (R-I) temperatures 
did not agree well, and hence the value of A0r has an 
uncertainty of 0.02. Four stars were not scanned at all
(HR 3992, HR 4524, 6 Eri, HR 4587).
The dependence of Hg profiles on metal abundance.
A comparison was made of the temperatures obtained from the
(R “I) colour indices with those from the Ha profiles for all the
stars in this programme, except for 6 Eri which is too cool for
the measurement of an accurate Ha temperature. For each star
the differential model temperatures A9 (R-I) and A0 (Ha) wereM M
used to obtain the parameter:
D ( A 6 ) = A0 (Ha) - A 0 ( R-1)M M
Both the Ha and (R-I) temperatures were those obtained assuming
the validity of the temperature calibrations only for stars of
solar metal abundance. Furthermore, the differential model
temperature means that no allowance has been made for the change
in backwarming correction with respect to the sun, in the case
of stars with non-solar abundances. Since A0 (R-I) isM
insensitive to a star's metal content, whereas A9 (Ha) increasesM
with the abundance, it follows that metal-poor stars should have 
negative D ( A0) .
By using fig. III-2, for the dependence of Ha wings on 0
and [M/H], in conjunction with the temperatures of table IV-1,
and the abundances of table V-3, one may predict the value of
D(A0) as a function of A0 (R-I) and the abundance of metallicM
electron donors. Following the method of chapter VI, this last 
parameter will be defined by:
[M ei don /H] = ~ ( [Fe/H] + [Mg/H] + [Si/H])
as it is these three metals which are the principal metallic 
electron donors in the stars being studied, and it is therefore
- 0.03
- 0.06
- 0.09
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these three which determine the Ha profile through the dependence 
of the continuous opacity and Stark broadening on electron 
pressure.
The D (A0) values were predicted by interpolation between
the three sets of models of different metal abundance. Table
IV-2 compares D(A0) with D(A0) , , and the relationpred . obs.
between these two is displayed graphically in fig. IV-1. In
this figure it is seen that there is a fairly good correlation
between the predicted and observed values, but in the sense
that the observed sensitivity of Ha to metal abundance is
somewhat greater than predicted.
As mentioned earlier, the model atmospheres were
unfortunately computed with the old solar iron abundance of
6. 57 (on the log N = 12.00 scale) , which is about a factorH
of ten too small (Garz et a1., 1969; Baschek et a1., 1970). If
the models were to be recomputed with the new solar iron 
abundance included, then the predicted values of D (A 0) would 
then be more sensitive to metal abundance, as iron would then 
become one of the main metallic electron donors, together with 
magnesium and silicon. The discrepancy between observation 
and theory may partly or wholly disappear if this improvement
were to be made.
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C H A PTER FIVE.
THE ABUN DANC ES OF THE ELEMENTS.
In this chapter the me thod used in dete r m i n i n g  the 
abu nda nce s will be described, the abundances will be given and 
their accuracies will be estimated. The significance of these 
abundan ces for the n u c l e o s y n t h e s i s  of elements in very old stars 
will be discussed.
The me tho d of coarse d i f f e r e n t i a l  a n a l y s i s .
The method used for all the elements except carbon and 
lit hium will be d e s c r i b e d  first. The basis of the method is to 
measure the ratio of the e q u i v a l e n t  widths of the same lines in 
the sun and a star, and to convert this into a ratio of line 
opacities (in the centre of the line) . By allowing for all the 
other pa rameters which can also influence line opacity, namely 
temperature, electron pressure and m i c r o t u r b u l e n t  velocity, then 
one is able to deduce the r e m a ining parameter, the abundance 
ratio of an element in the star relative to the sun.
For every line the m e a sured mean solar e quivalent width 
was used to derive a c o r r e s p o n d i n g  value of log n by four-point  
Lag ra ng ian i n t e r p o l a t i o n  in the Wrubel (1949) curve of growth
c & A. if A  i C-cCffer f tsij
for on the Milne- E d d i n g t o n  model with log a =
-1.8. The ordinate is:
W . c
AX.-log -log X . v
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where the total Doppler velocity v is given by:
2 / 2RT , c2\v = hr+ 5)
O
Here AA^ is the Doppler width (in A ) , R is the gas constant,
A is the atomic weight and E, is the microturbulent velocity.
Log v hardly changes significantly for a 1000° change in T, 
whereas it is quite sensitive to £. Solar values for T of 
6072°K and for £ of 1.3 km./sec. (Allen, 1962) were adopted. 
Errors in these quantities will cancel in the determination of 
[v] for the stars.
A few typical values of -log(v /c) are interesting. AtF e
T = 6 460°K, 5 7 30°K and 5140°K it is 5.197, 5.211 and 5.222
respectively, for £ = 1.3 km./sec. However, adding only 
1 km./sec. to the microturbulent velocity changes these three 
values to 5.047, 5.054 and 5.059 respectively.
The excitation temperature.
The differential excitation temperature A0 was0 X
determined from red lines of Fe I. These 124 lines were
divided into groups according to their lower excitation
potentials, as given by Moore (1959). By choosing fifteen
groups it was possible to have the dispersion in potential x
within each group no more than a few hundredths of an electron
volt. Table V-l gives the mean lower excitation potential of
each group and the number of lines in each.
The M t . Stromlo IBM 1620 computer plotted -log (W/A) versus 
®log n for the lines in each group, and the value of [n ] was o o
- 0.07
F i g  V- 1
- 0.04
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determined for each group by superposition of the Wrubel
theoretical curves onto the plots and measuring the horizontal
shift after obtaining the best shift by eye. Throughout this
thesis shifts were recorded with the sign convention that a
position shift implies stronger lines than in the sun. To
measure the shifts, however, it is necessary to adopt a value
of [v] for each star. This was chosen as zero for every star
except HR 2998 and 6 E r i , where a temperature correction to [v]
was applied. This assumption is practically equivalent to
assuming that £ = 1.3 km./sec. in all the stars for the
purposes of determining AG^^.. Strictly an iterative process
between £ and shift should be carried out to obtain the
excitation temperature; this was not done, because the
correction to A0 would have been zero or negligible.ex
The slope of the least squares straight line fit of shift 
versus mean group potential x was next computed, together with 
the standard deviation, giving equal weights to all slopes.
This slope equals -AG^^. The excitation temperatures are given 
in table V- 2 .
The relation between excitation temperature and effective
temperature is not simple. In chapter three the excitation
temperatures were derived for models from ten Fe I lines covering
a wide range of lower excitation potential. Fig. V-l shows the
relationship between A0 and A0 for the log g=4.0 models ofex M
differing metal abundances. In general, the lower the metal
abundance, the hotter the excitation temperature, because weaker
lines reflect the atmospheric conditions at a greater optical 
depth. However, in view of the lack of backwarming in the models' 
T(t ) relation, these results are probably not very meaningful. 
There is, according to the models, also a small gravity effect 
in the sense that lower gravity stars have slightly hotter 
excitation temperatures (BAQ^/Blog g - + 0.01) . Fig. V-l also 
shows the observed relation, with differential effective 
temperature plotted on the horizontal axis. There is a 
reasonable correlation between the two temperatures, though 
d A Q ^ / d A G ^ ^  is significantly less than unity, and also the 
excitation temperatures are hotter than the effective ones.
There appears also to be some positive correlation between 
(A0 - A0 ) and [M/H] which is in the sense predicted by the0 X 6 I I
models; a systematic error in A0 f would produce the same 
effect. A more detailed comparison of the excitation 
temperatures with the non-line blanketed models would not be 
j ustified .
The curves of growth.
The curves of growth were constructed by plotting log (W/A)
©versus (log nQ - X*A6ex) using Mt . Stromlo's IBM 1620 computer. 
Since LTE will be assumed, the Boltzmann law also follows, and 
in logarithmic form this is:
log n = -1.824 + log N + log gfA - 0 .y - log (vU k .)o r . e x Ar,s r A
for atoms in the s ^  excitation level of the r ^  ionisation state.
Thus log n - (log - X*A0 ) = [N ] - [vU k .]o o ex r r A
>g tj0®— X.A0
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So shift = S = [N ] - [vU k ] 1 .r r r r
Sim il ar ly S . = [NJ r+1 r+1 2 .
The Saha ionisation equation is also obeyed in LTE giving
ion
So I . A 6 ion 2 . 5 [0 ion ] 3 .
The value of r is one.
A set of velocity tables was computed which gave log (v/c) 
as a function of t emperature and m i c r o t u r b u l e n c e  for all the 
elements (v depends on atomic weight) under investigation. The 
th eo ret ical Wrubel curves were fitted to the p l o tted ones by 
eye, and the values of S and log (v/c) det e r m i n e d  for the Fe I 
curve. The velocity tables then gave a value for E,, the 
m i c r o t u r b u l e n t  velocity, and this was now used for dete r m i n i n g  
the values of log (v/c) for all the other elements (including 
ionised ones) in that star. Hence a value of S or S ^  and of 
[v] was derived for every curve constructed, together wit h  a 
value of £ from the Fe I curve.
The con tinuous o p a c i t y .
In equations 1. and 2., if is expressed as a numb e r  per
2gram, then < is in cm /gm. If the H opacity is the onlyA
impor tant opacity at the o b s e r v e d  wavelengths, then the Saha 
equation gives:
Here N(H) is the number of neutral hydrogen atoms per gram. If 
hydrog en is all neutral (a very good approximation) then
[ k ] = [N (H ) ] + [P ] + I - . A 6 + 2.5 [ 6]e H
equations 1. and 2. can be rearranged to give:
[NI/H] = SI + [vUIk ]
[Nn/Hl = sn + [vUnKl
where k is now the opacity per hydrogen nucleus, and the letter
H refers to the total hydrogen abundance. With this new
definition of k , the opacity is now given by:
[ k ] = [P ] + 0.75 A0 + 2.5 [ 0 ]e
The continuous opacity tables of Bode (1965) were used to
test the accuracy of this relation, by deriving the mean
difference A = I[<] , - [<] -I at blue, visual and redBode H 1
wavelengths. For O<A0<O.15, P <0, then A<_ 0.03. For -0.05e
<A0<O, one should have [P ]>-0.5 for A<0.04. For all the starse
in this programme A<0.02.
Partition functions.
Although the values of [U] were very small for nearly all 
the elements and ionisation states for the stars being studied, 
they were included in the abundance calculations. Wherever 
possible the data of Drawin and Felenbok (1965) were used, by 
plotting log U versus the tabulated values of 0, and then by 
graphical interpolation at the required temperature.
In those cases where Drawin and Felenbok gave no data, 
then interpolation in the less detailed data of Aller (1963) 
was employed.
The electron pressure.
Four elements had lines measured in two ionisation states.
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These were Fe, Cr, Ti, and Si. However the results for Si II,
based on a single line, were unreliable and ignored. This leaves
three elements suitable for the determination of [P ]. Equatione
3. was used, with the assumption that A6)j_on = The
alternative approach of choosing the value of 0 which gives
the best agreement between the electron pressures from the three 
elements is less satisfactory, considering the close proximity 
of the three ionisation potentials. The mean value of [P^] from 
the three elements was taken, giving the determination from Fe 
double weight. For one star (6 Eri), the Cr determination was 
given only half weight, because of the uncertainty in the shift 
for Cr II.
The degree of ionisation.
In G star atmospheres most metals (provided I < 9eV) are 
entirely singly ionised except at the very surface. Hence the 
degree of ionisation x, given by
x
Ni +Nn
equals about one. Second ionisation is completely negligible 
for these atmospheres. Thus, writing:
Ntotal Ni  + Nn
one has
[Ntotal /H] [N /H] - [1-x]
[Ni i /H] - [x]
Although [x] is always nearly zero, [1-x] can be quite large
9 7
for only small temperature and electron pressure diff e r e n c e s  
b e t w e e n  star and sun. The Saha equation was used to compute both 
these quantities for all the elements under c o n s i d e r a t i o n  and 
for each star. The solar x values must first be found; this was 
done using :
0.® = 0 . 8 9ion
®log P = 1 . 5 1  e
after Unsöld (1955), and the tstellar values were found at a
tem pe ra ture and electron pr essure of:
0 .* = 0.89 + A0 _ _ion e f f
*
log P = 1.51 + [P ] e e
The solar values chosen may not be very good ones, and the
sen si ti vity of [x] and [1-x] to them was tested for the elements
in a few stars. Warner (1971) has suggested:
6.® = 0.95ion
log P® = 0.88 e
The results using these par a m e t e r s  indicated no change to two 
places  of decimals for nearly all the elements in nearly all 
the stars. A few elements in the cooler stars showed abundan ce  
changes of about 0.01 in the logarithm, whereas about half the 
elements for 6 Eri re corded a change of about 0.02. Hence the 
choice of solar p a r a meters is not important.
The abundances and their accuracies .
Table V-3 gives the final abundances, [N , ,/H] and alsototal
[N /H] or [N /H] and the shifts, S or S .I II I II For iron, titani um
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and chromium the mean result from the two ionisation states 
should be taken as the best value.
When considering the abundance accuracy, it is useful to 
combine the foregoing equations to give, for neutral elements:
S +[v]-(I - I -).A8 * [x] + [U ]I M H II
and for ionised ones:
1Mtotal/Hl ■ SII+[vl' (IM - V » - " 6 + Si-Sh ^  Ixl + [UH 1
Here I', S', S' refer to the mean ionisation potential andM I II
shifts of the three elements used in the determination of the 
electron pressure (Fe, Cr, Ti). Since [x] and [U ] are 
practically zero for all A0 to be considered, and [v] is also 
insensitive to temperature changes, it follows that the only 
temperature-dependent term of any importance is:
- ( 1 M  - V ’ -06
There are three sources of random error to consider:
i) Errors in the shifts, due to scatter in the 
curves of growth, and which are in addition 
to the error arising from the uncertainty 
in the microturbulence.
ii) Errors in the shifts, and in [v], due to the 
uncertainty in the determination of the 
microturbulence.
iii) Errors in the temperature term above, due to 
the uncertainty in the determination of A0.
For the Fe I curve of growth the first two of these are 
not independent (because the microturbulence was determined
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from this curve alone); for the remainder, they are. It was 
estimated that the combined uncertainty in S + [v] for Fe I
was about ±0.1 for most of the stars. It may be larger for HR
3018 because of the difficulty in measuring very weak lines in 
this star.
For the remainder of the curves, the first error was 
typically ±0.1 for those shifts from nine lines or more, ±0.2 
for Cr II, Na I, V I, Sc II and Mg I, ±0.3 for Al I, Zn I and 
Ba II and ±0.4 for the remainder. These uncertainties, which
were estimated by eye, vary from star to star; mostly they are
upper limits, and the Na I, V I, Zn I, Al I and Ba II 
uncertainties may frequently be less than the above.
The microturbulence uncertainty typically introduces an 
additional uncertainty of ±0.1 in the abundance; it depends on 
the quality of the weak line measurements.
If the temperature uncertainty is ±0.01 in A 0 , then this 
gives rise to an abundance uncertainty of about ±0.06, depending 
on the ionisation potential. Some stars have temperature 
uncertainties of ±0.02 in A0 , giving about ±0.12 abundance 
uncertainty.
Table V-4 gives the uncertainties in [Mt  ^ ,/H] fortotal
uncertainties of ±0.01 and ±0.02 in A0, by combining the three 
independent uncertainties for each element (two for Fe I) 
using equations 4. and 5.
The lithium abundances.
The only observable stellar lithium feature is the
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unresolved spin-orbit interaction doublet near 6708 A, which is
6) 7also broadened by the isotopic effect of Li and Li . Greenstein 
and Richardson {1951) described this feature in the sun and
O
assigned a total equivalent width of 3.7 m A . In much of the 
subsequent differential analysis of stellar lithium contents 
this value for the solar equivalent width has been adopted, 
and this was also done here. However, the actual value may be
O
much less than 3.7 mA (Peach, 1968) .
Herbig (1965) has discussed several methods of allowing 
for the breadth of the lithium feature when calculating 
abundances. In the present work the equivalent widths were 
measured from the central depths, using the method and 
calibration described for other atomic lines. There may, 
therefore, be quite large systematic errors in [Li/H], but 
since the lithium lines measured were unsaturated (linear part 
of curve of growth) this error should be constant from star to 
star. There may also be a systematic errors due to inaccuracy 
of the solar equivalent width.
Of the nineteen stars investigated, seven had measurable 
lithium lines, and four more may have had detectable but not 
measurable lithium. The list below gives the mean equivalent 
widths:
star: HR 1536 HR 3992 10 Tau 104 Tau x"^  Ori 3 Hyi 6 Eri
-log ~  4.97 5.31 5.40 5.38 4.86 5.07 5.53A
2 2Lithium may be present in v Lup, X Ser, X For, and 18 Sco. At 
0
10 A/mm it was undetectable in the remaining eight stars.
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©  °Using £ = 1.3 km/sec, W(Li) = 3.7 mA gives log(Wc/Av) =
©-1.39 and (from Wrubel's (1949) curve of growth) log n = -1.33o
Since the absorption occurs from the ground state (x = 0.0 eV) 
one has
[Li/H] = S + [v U k ] - [1 — x ]
where S = [r)Q ]• the horizontal curve of growth shift. The
method of computation of [v] and [1-x] was the same for Li as 
for other elements.
Table V-5 gives the details of the lithium feature in every 
red plate, and table V -6 gives the abundances of lithium in 
these seven stars where it was measurable. Of these seven stars 
Conti (1964) measured the lithium content in 6 Eri (log(W/A) =
-5.3 ± 0.1; [Li/H] = +0.310.1), Feast (1966) did so for $ Hyi (ten 
times solar abundance) and Herbig (1965) has done so for 104 
Tau ( [Li/Ca] 4+0 .5) 10 Tau ( [Li/Ca] = 1.12), Ori ( [Li/Ca] =
1.26). This last uthor also considered HR 4587 ([Li/Ca] 4+ 0.5),
A Ser ([Li/Ca]4+0.6 ), 18 Sco ( [ L i/Ca ] 4+0.6) and 51 Peg ([Li/Ca]
4+0.5). These were all visual estimates except for A Ser.
The carbon abundances.
The carbon abundances [C/H] were determined from the
strengths of six lines of the CH molecule. These lines all 
2 2belong to the A A ~x n electronic transition and the (0,0) 
vibrational band, and they were the same ones as used by Pagel 
(1964), who has given details of rotational quantum numbers K, 
and also of lower excitation potentials, which were used here.
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The curves of growth were constructed as for atomic lines, using
A0 determined from Fe I. ex
The curve of growth shift S is given by:
S + [ v .0 . KCH *CH
and disociation equilibrium gives:
[P ] + D .A 0 + 2.5 [0 ] "
Q . Q
Here P refers to a partial pressure; in the case of carbon (and
oxygen) the partial pressures will be written p, and partial
pressures in the absence of association P. For hydrogen in
G stars p = P . D is the dissociation energy (3.47 eV) and
Q refers to a partition function which, in the case of C H ,
includes vibrational and rotational contributions. Q has been
tabulated by Tatum (1966); however the value of [Q ] isC H
negligible for all the temperature differences encountered here.
[Q ] and [Q ] (tabulated by Drawin and Felenbok (1965)) are C H
zero.
Following Pagel (1962), the pressure of hydrogen is given
by :
CP /Pu ) e H ( x + — . x ) H H M
where x^ is the degree of ionisation of hydrogen, x^ of metallic 
electron donors, and (M/H) the abundance of these donors relative 
to hydrogen. Hence:
[P /P„] e H [ x + — . x ] H H M
where x is the degree of ionisation of hydrogen, x of metallic H M
electron donors, and (M/H) the abundance of these donors relative 
to hydrogen. Hence:
[P /P ] e H
r M
U H + h'V
Combining these equations with the usual formula for the H 
opacity give s :
S + [v ] + [x + — .x ] + (I - -D) . A 9CH h H M H
The value of x as a function of A0, [P ] was computed using the H e
Saha equation for hydrogen, and the value of (M/H).x by using:M
(M/H) .x = (Fe/H)®.10 [FS/H] .x + ( Si/H)® .10[S17H 1 'XSe M F e
♦ (Mg/H)a .10[Mg/Hh XMg
as Fe, Si, Mg are the three main metallic electron donors.
The solar logarithmic abundances of these three elements were
taken as 7.60, 7.60, 7.50 (relative to log N = 12.00)H
respectively (Garz et a 1 . , 1969). The computation of x ^ ^ g  ^ ^
as a function of A0 and [P^] has already been described.
Finally, a correction has to be applied for the 
competitive effects of other molecules containing carbon; 
carbon monoxide is the only important one, and then only for the 
cooler G stars. The equilibrium constant is given by:
P P c o P P c o
P -p c c
and hence :
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and
p0 -(1 + P /K ) C CO p . a ^0 O
Eliminating pQ results in
ac ■ (1 + po/ ( K co + V >
The value of the equilibrium constant K was interpolated 
from the tables of Tsuji (1964); it is a function of temperature 
only. PQ was computed from
log P = log P + log (P /P )® + [0/H]U n U n
and Pc from
log p c = log P H + log (pc/pH )0 + tPc/pH ]
Following Pagel and Powell (1966), [0/H] was assumed equal to
[Fe/H] (the final carbon abundances are not sensitive to the
validity of this assumption), and the solar carbon and oxygen
abundances were taken from Lambert (1968) as log Nq = 8.77,
log N = 8.55 (log N = 12.00). Values for log P were computed C H H
from Pagel1s equation above; assuming log P® = 1.51 (Unsold,
®1955) one obtains log P = 5.47 by this method.H
Thus a correction term a^ was found for each star and the 
carbon abundance was then given by:
[5] ■ [V V  ■ [W  + [ac]
Table V-7 gives values of S, [p /P ], [P ], [x + (M/H).x ] +C H H n M
(I - -D) .A0, [a ] , and [C/H] for the stars studied.H C
The accuracy of the carbon abundances is given in table 
V-4. It was obtained thus: the carbon abundance is given by
equation 6 if CO formation is ignored. If electrons come mainly
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from metals, then
(M/H) .x > > x M H
and hence
'I1 S + [ v ] + [-] + (I - -D) . A6CH CH H H
Here [x,,] has been ignored. [M/H] refers to metals donating free M
electrons to the atmosphere, and the abundance of these is
measured from equation 4 (in the case of lines from neutral
elements) applied to Fe, Si and Mg.
Equation 7 applies only to G stars, and when combined with
equation 4 it gives the functional dependence of [C/H] on the
measured quantities, namely the horizontal curve of growth
shifts S _ TT, S, . the Doppler velocity [v] and the differential CH M
temperature A0 . The electron donor shift is itself the mean
of three quantities, and there are therefore six statistically
independent measurements which have been combined to give the
uncertainty in [C/H]. The uncertainty in S has been adoptedC H
as ± 0.2. It is seen that it is possible to measure the carbon 
abundance to within a factor of two by this method. The 
uncertainty in the measurement of [C/Fe] is also given in table 
V-4. Allowance has been made for the fact that the Fe 
abundance and metallic electron donor abundance determinations 
are not statistically independent.
Notes on the abundances in individual stars.
3 Hyi: This well-known southern subgiant (Eggen, 1955; Sandage,
1958; Pagel, 1963) has previously been analysed by Rodgers and
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Bell (1963), and was reanalysed here at the suggestion of
Rodgers. Although Rodgers and Bell adopted a cooler temperature
than this author ( A 0  = +0.05 instead of +0.01) they obtained
very similar abundances. Table V-8 shows the comparison for
elements in common. The carbon abundances differ markedly,
although Rodgers and Bell obtained theirs from a single C I line.
The other abundances which disagree were measured from only one
or two lines by Rodgers and Bell, except for cerium, which was
measured from one weak line in the present analysis.
Rodgers and Bell obtained [v] = +0.11 (this author, +0.01) ,
[P ] = -0.63 (this author, -0.33), and this last value indicatese
a considerable discrepancy. However the well determined 
trigonometric parallax would rule out a value as low as -0.63.
The discrepancy may be due to the lower adopted temperature of 
Rodgers and Bell.
In the earlier analysis on overdeficiency in the abundances 
of s-process elements compared with the e-process ones was 
noted, but the data of neither analysis lends great weight to 
this suggestion. The only s-process element overdeficient in 
both analyses is yttrium, for which the abundances are in any 
case only poorly known.
The importance of $ Hyi is that it is a member of the old
disk C Her group (Eggen, 1971b) . Feast (1966) has measured the
lithium content in the star, finding ten times the solar
6 7abundance and Li /Li - 0.45, which is also high - a result not 
supporting lithium depletion by convective mixing on a long time
10 7
scale unless r e plenishment has recently taken place. This 
author found lithium to be twenty times as abundant as in the 
s u n , not in contradiction with Fe ast's result. ß Hyi has been 
scanned by Willstrop (1964) .
21 For : This star is similar to the sun in t e m p e r a t u r e  and
abundances, though there is good evidence from the curves of 
growth for a lower collisional damping constant. Several 
elements show a slight deficiency of a few tenths in the 
lo ga ri thm which may be real, espe cially in the case of iron.
The o v e r a b undances of copper and scandium are p r o b a b l y  spurious.
10 Tau : This star is a known subgiant, and was studied by
Herbig (1965) , who found an overa b u n d a n c e  of iron ( [Fe/H] =
+ 0.37) and of lithium ( [Li/Ca] = +1.12) . Herbig's iron 
abu nda nces were not intended to be highly accurate, and the 
p r e s e n t  analysis showed nearly all elements to have 
a p p r o ximately solar abundances, except for lithium. The result 
of [Li/Ca] = +1.27 is in good agreement with Herbig's work.
There is good evidence for reduced collisional damping in this 
star.
6_E r i : 6 Eri , which has been analysed by both H a z l e h u r s t
(1963) and Pagel (1963), has often been cited as ev idence to 
show that there has been little enrichment of the i n t e r s t e l l a r  
me di um  for a long time. In the 'fifties, Eggen (1955 ) , Sandage 
(1958) and Oke (1959) all p o i n t e d  out the similarity in age 
be tw een 6 Eri and M 67. Both H a z l ehurst and Pagel found solar
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abundances for a wide range of elements, except that Pagel found 
sodium ([Na/H] = +0.37) and vanadium ([V/H] = +0.36) to be 
overabundant, which agrees with the present analysis (see 
table V -8 for a comparison). Neither of the earlier analyses 
considered zinc, which was found here to be six times less 
abundant than in the sun. This result is based on only two 
lines, but both have well determined equivalent widths, and 
both give an identical result. Other s-process elements (except 
possibly yttrium) do not show the same trend. The only possible 
disagreement between the present results and Pagel1s is in the 
case of iron, which is found here to be slightly but 
significantly underabundant; ( [Fe/H] = -0.28) and nickel may
also be slightly down. It is significant that the earlier 
analyses used mainly (Hazlehurst) or only (Pagel) blue plates, 
which may have introduced problems with blends and continuum 
placement for such a cool star. The strengths of weak neutral 
lines are typically five or six times as strong as in the sun.
Conti (1964) measured the lithium content, and obtained 
[Li/H] = +0.3±0.1, compared with +0.06 obtained here. Herbig 
and Wolff (1966) also measured the iron and lithium contents, 
and although their iron abundance was higher than solar (but of 
low weight) their [Li/Ca] values were +0.25 and +0.14 from two 
plates, compared with +0.14 in the present analysis. Conti's 
value may therefore be too high, a result also supported by 
Feast (1966 ) . 5 Eri has been scanned by Willstrop (1964) and
observed by Spinrad and Taylor (1969) on their narrow-band system.
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HR 15 3 6 : A member of the n Cep group (Eggen, 1971b) . There is 
good evidence for the damping parameter [a] - -0.4. A wide
range of elements show significant signs of metal-richness, 
with an abundance equal to or slightly greater than that of 
the Hyades. Of the we 11-determined abundances, that for iron 
is the least overabundant; other elements have [M/H] = +0.3.
Scandium (based on three lines) may be more overabundant than 
other metals.
104 Tau ; Both Oke (1959) and Eggen (1964) have drawn 
attention to the possibly great age of this very close visual 
binary (ADS 3701). In the analysis both components were 
treated as identical stars in every respect. Line doubling or 
broadening was neither observed nor expected (Dommanget and 
N y s , 1967). Several elements were found to have slightly
deficient metal to hydrogen ratios, but in most cases, not by 
more than the uncertainty of the results. The lines were 
however significantly weak for stars of this temperature, and 
this was ascribed to a low microturbulence ( [v ] = “0-1;
£ = 0.7 km/sec.) on the basis of weak lines of neutral iron.
As shown in the next chapter there is evidence for supposing 
this star to be helium-rich, because the orbit indicates a low 
mass, and because the electron pressure is slightly down. In 
this case Z is even lower than [M/H] would indicate, and the 
age may also be much less. The low microturbulence found may 
be related to the helium abundance.
On the whole, 104 Tau is a most difficult system to
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observe, both astrometrica 1ly and spectroscopically, and the 
conclusions are therefore tentative. Taylor (1970) observed 
104 Tau on the narrow-band system of Spinrad and Taylor (1969) , 
and found it to be metal-poor. This result may be due to a 
lower damping constant than in main sequence stars (see table 
V-2 ) . On the other hand, further observations of weak lines to 
confirm the low microturbulence would be desirable, in view of 
the recent controversy over the interpretation of the Spinrad 
and Taylor observations.
Herbig (1965) measured the lithium line in 104 Tau, and 
found [Li/Ca] <_ +0.5.
X1 0ri: Eggen (1960, 1964) assigned x1 Ori to the young
Sirius group on the basis of its motion. Its trigonometric 
parallax indicates that it is too bright however, and for this 
reason Eggen (1964) also included it in a list of very old 
stars. The electron pressure (chap. VI) shows no signs of 
evolution having occurred, the kinematics (chap. VII) no sign 
of age, and the abundances no signs of great deficiency, though 
a few elements (Mg, Zn, Al) may be underabundant.
Herbig (1965) measured [Fe/H] to be +0.25 (of low weight) 
and [Li/Ca] to be +1.26 (present analysis: [Li/Ca] = +1.76) .
Spite (1966) found a spectroscopic luminosity of = 5.2 (on 
the main sequence) though Eggen (1971d) obtained a value of 
M = +4.0 from narrow-band photometry. On the whole, the 
evidence suggests Ori is a young main sequence star, which
may consist of two similar stars in an undetected binary.
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HR 2998: This star is a certain member of the Wolf 630 group
(Eggen, 1971a). The abundances indicate some metals (including 
iron) to be deficient by a factor of up to two. The trig, and 
group parallaxes both agree well with the spectroscopic value 
from the electron pressure (chap. V I ) . The blue plate for this 
star was hard to measure, as the chemical fog in the centres of 
strong lines was appreciably less than the fog on either side of 
the spectrum for one part of the plate. The abundances of 
elements with mainly blue lines may therefore be systematically 
high; the carbon and yttrium abundances may need corrections by 
a few tenths in the logarithm for this reason.
HR 3018: A metal-poor star. Its photmetric colours have been
discussed by Osawa (1958) and by Eggen (1971d) . An earlier 
analysis by Kondo (1957) showed metals to be only thirteen per 
cent as abundant as in the sun. The present value of [Fe/H] = 
-0.81 agrees with this, even though Kondo adopted a considerably 
higher temperature (A6 = -0.05) than that of A0 = +0.02 used 
here. The higher temperature would place HR 3018 on the main 
sequence. However it is a high velocity star with an eccentric 
orbit, which would support a great age.
Carbon appears to be nearly as underabundant as iron (the 
only metal-poor star studied here for which this is so). The 
abundances of sodium and nickel were poorly determined, though 
the latter is probably at least ten times deficient. a-process 
elements (Ti, Si, Mg, Ca) all show [a/Fe] positive, whereas 
manganese was found to be thirty times underabundant with respect
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to the sun (no correction made for hyperfine structure). Both 
these phenomena were found by Wallerstein (1962) in other 
metal-poor stars.
HR 3992; A member of the £ Her group (Eggen, 1971b). The star 
is a visual binary with a faint red companion, presumably on 
the main sequence. The abundances agree remarkably well with 
those found for 6 Hyi (including the lithium abundance), another 
member of the £ Her group. (Iron appears deficient by an extra 
0.1 in HR 3992, but this may not be significant). The most 
significant disagreements between the two stars are for 
manganese, which is over-deficient only in HR 3992, and 
aluminium, which is less deficient in $ Hyi than HR 3992. The 
electron pressure in HR 3992 is too low for the trig, parallax, 
but the results from Fe, Cr and Ti all agree well, and there 
is less reason to doubt the electron pressure than the 
parallax. In general, the £ Her group appears to be deficient 
by a factor of two to three for most metals.
HR 4 5 2 3 : A member of the £ Indi group (Eggen, 1971b) . All
metals are deficient by a factor of about two to three, except 
manganese which is down by a factor of four with respect to the 
sun. Warner (1969) obtained an absolute visual magnitude from 
K line emission of +6.2, which appears much too faint.
HR 4587: This star (like HR 1536) is a well-documented case of
a star with abundances as great as or slightly greater than 
those of the Hyades. C, Si, Ca, Na, V, A 1 , and Zn are all
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overabundant by a factor of about two or more with respect to 
the sun. Several other elements (including iron) appear 
overabundant by about two-tenths in the logarithm. Herbig
(1965) gave the lithium content as [Li/Ca]^  +0.5, and van den 
Bergh and Sackmann (1965) noticed the CN bands to be strong, 
and that the star is a subgiant. Herbig and Wolff (1966) also 
showed it to be an evolved subgiant in the HR diagram.
Eggen (1971a) has discussed the broad-band photometry, 
and Taylor (1970) observed the star on the narrow-band system 
of Spinrad and Taylor (1969). He has included it in a list of 
so-called 'super metal-rich' stars. The present analysis does 
not contradict this classification.
2v Lup: This high velocity metal-deficient subgiant may be
among the oldest stars in the Galaxy. It is certainly older
than NGC 188, and it is the oldest field star whose age is
known. Most metals are deficient by about a factor of three
with respect to the sun, though manganese is more deficient
than this ([Mn/H] = -0.78). The star is a-rich for T i , Mg and
Ca, and to a lesser extent for Si. The only element studied
which is not underabundant at all is carbon, and in this respect
the star differs from HR 3018. In view of its great age and
2proximity to the sun, v Lup is a very important star.
X Ser: X Ser is a much observed star. It has been scanned
by Code (1960) in the blue and visual regions, and by Jones
(1966) in the infra-red (Jones obtained A0 = -0.024 from his
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scan). Equivalent widths have been measured by Wright et al. 
(1964) for blue metallic lines and for Ha. Herbig (1965) has 
studied the lithium and iron contents ([Li/Ca]^  +0.6; [Fe/H] = 
-0.04) and a complete analysis has recently been carried out 
by Powell (1970), whose results are compared with the present 
ones in table V-8. The abundances are all solar, except 
possibly for carbon, which may be marginally overabundant.
A Ser has been observed by Taylor (1970) on the narrow-band 
system of Spinrad and Taylor (1969) .
18 Sco: The abundances in this star are solar, except for
carbon which may be overabundant by a factor of two.
Herbig (1965) estimated the lithium abundance to be [Li/Ca]
<_ +0.6. Taylor (1970) observed 18 Sco on the narrow-band 
system of Spinrad and Taylor (1969) .
HR 6516; This star is a well-known visual binary (ADS 10598) 
which has been assigned to the £ Her group by Eggen (1971b) , 
who had earlier also noticed that it was an old subgiant (Eggen, 
1964). The abundances found were all solar, whereas a 
deficiency of metals by a factor of two to three times seems well 
established for the group. The assignment to the group may 
therefore be in doubt. In the analysis the two components were 
treated as identical stars. According to Dommanget and Nys 
(1967) the radial velocity difference was about 8 km/sec in 1970
O Ocorresponding to AA = 0.16 A at A = 6000 A. Although this line 
broadening was not apparent on a visual inspection of the
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tracings, it should not invalidate the analysis if present.
HR 6516 has been observed by Taylor (1970) on the narrow-band 
system of Spinrad and Taylor (1969) .
31 Aq 1 ; The analysis of this star has already been published 
(Hearnshaw, 1971) . Most elements are about four times as 
abundant as in the sun, though sodium, vanadium, zinc and 
carbon are even more abundant. 31 Aql is the most metal-rich 
star known analysed by curve of growth techniques. Magnesium 
may not be quite so overabundant as other elements, and lithium
Ocould not be detected at 10 A /mm.
Eggen ( 1955) , Oke (1959) , Pagel (1963) and van den Bergh 
and Sackmann (1965) have all noted that 31 Aql lies above the 
main sequence, and Oke and Pagel both found an age greater than 
that of M 67. Van den Bergh and Sackmann (1965) found the CN 
and CH bands to be strong and Spite (1966) found a high iron 
abundance ( [Fe/H] = +0.24) from the central depths of strong 
lines at low dispersion. On the other hand Greenstein (1966) 
noted 'a small metal deficiency, but no large C or N excess or 
deficiency' from a preliminary study.
31 Aql has been scanned by Jones (1966) in the infra-red, 
who obtained A0 = +0.046, compared with +0.02 used in this 
analysis. Jones applied no line blanketing correction to the 
observed magnitudes in the belief that this cancelled with the 
backwarming effect for the purpose of obtaining effective 
temperatures from scans and line-free models' fluxes (this may 
be true, but the result must also be uncertain for such highly
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blanketed stars). Jones' scan is discordant with Eggen's 
(private communication) (R-I) index of +0.21 on the system of 
Kron et al . (1957) which was used here, and which Eggen has
more recently revised to +0.20. This author's analysis of the 
Ha profile would also indicate a hotter temperature, especially 
as Ha temperatures carry a high weight. The point is important, 
as a change of A6 by +0.026 would reduce [Fe/H] to +0.34, which 
is still metal-rich, but not so striking. However the good 
agreement between the three effective temperature determinations 
used in the analysis should mean that the higher abundances are 
not in doubt .
The carbon abundance may be even higher than the mean 
abundance of [C/H] = +0.73 from six CH lines would indicate.
The three lines of longest wavelength gave by themselves [C/H] =
+0.97. The other three bluer lines, all in a highly blanketed 
part of the spectrum, may appear too weak due to too low a 
continuum placement.
The electron pressure in 31 Aql is about 0.1 in the 
logarithm too high for a star of this temperature and abundance 
to agree with the trig, parallax. However the uncertainty in 
the parallax might account for this (see table 1-2 and fig. VI-3)
Spinrad and Taylor (1969) have observed 31 Aql on their 
narrow-band system. They concluded that sodium is overabundant 
(their fig. 15) but their diagrams for C N , Mg I and Ca I show 
only marginal metal-richness. Since the normal abundance loci 
in their w-T diagrams for subgiants are based on only a handful
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of stars, mainly cooler than 31 A q l , their results for this 
star are anyway inconclusive. In spite of this, they state that 
31 Aql is 'super metal-rich' (footnote to their fig. 48).
HR 7644: This southern subgiant is metal-poor by a factor of
about two. Manganese shows an overdeficiency, and a-process
elements are probably less deficient than iron. The carbon
abundance is solar. The microturbulence found was £ = 0.9 km/sec
( [v ] = -0.07). HR 7644 is not associated with 5 Pav, althoughF e
the two are in close proximity in the plane of the sky.
51 Peg: 51 Peg lies only slightly above the main sequence.
It has been scanned by Code (1960) and by Melbourne (1960).
Van den Bergh and Sackmann (1965) found it to have strong CN 
and CH bands. The carbon abundance found here was, however, 
solar, and the lines themselves were of practically the same 
strength as in the sun. A few metals may show a slight 
overabundance, but not by more than the uncertainty of the 
results. Magnesium may be underabundant, and zinc (as in 
6 Eri) almost certainly is. 51 Peg has been observed on the 
narrow-band system of Spinrad and Taylor (1969) by Taylor 
(1970) .
Element to iron ratios.
In this section the element to iron ratios will be discussed 
for fourteen elements other than iron which have the best 
determined abundances. These are: C, Na, Mg, Al, Si, Ca, Sc,
Ti, V, C r , Mn, Ni, Zn and B a . In figs. V-21 to V-34 the
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[M/Fe] values for the stars observed are plotted against [Fe/H] . 
In the case of the abundances of F e , T i , C r , the mean abundances 
from neutral and once ionised lines were taken. These diagrams 
should be analysed in conjunction with the uncertainties given 
in table V - 4 .
The following features of these diagrams were noted:
Carbon: With the exception of two stars (31 Aql and HR 3018)
there is a strong negative correlation between [C/Fe] and [Fe/H] . 
There is no evidence to suggest that those stars with -0.6 
^[Fe/H]^ +0.2 do not all lie on this relationship. The slope of 
the mean line through the seventeen points is about -0.7.
HR 3018 certainly does not lie on this line, and 31 Aql almost 
certainly does not, especially since its carbon abundance may 
be even higher than plotted. The conclusion is that old disk 
stars which are up to four times iron deficient, have normal or 
only marginally deficient carbon abundances.
Sodium: If there is a systematic relationship between [Na/Fe]
and [Fe/H], then four stars (HR 3018, 6 Eri, HR 4587, 31 Aql)
appear not to lie on it. (If they do lie on it, then equivalent 
width may not be a reliable measure of abundance, as described 
for the D lines by Strom et al. (1971)). The slope of the 
relation between [Na/Fe] and [Fe/H], excluding these four stars, 
is about -0.3. However, of those fifteen stars considered, 
only four have significantly positive [Na/Fe], and the slope may
be as low as zero.
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Magnesium: Unfortunately the data on this element are rather
poorly determined. The two red lines were on a poorly exposed 
part of the plates, and were hard to measure. The data would 
tend to suggest a strong negative slope for [Mg/Fe] versus [Fe/H], 
but there are a number of significantly discrepant stars of about 
solar iron abundance.
Aluminium: There is a considerable scatter, at least partly
because the abundances were based on only two lines. A negative 
slope as large as -0.5 may be indicated for the plot of [Al/Fe] 
versus [Fe/H]; however a zero slope, though less likely, may 
not necessarily be ruled out.
Silicon: These results are based on the comparitively well-
determined abundances from Si I. The Si II results, based only
Oon the line at 6347 A, repeatedly gave discrepant abundances, 
and were ignored* A few stars may be silicon-rich (i.e. [Si/Fe] 
significantly positive) but the slope of [Si/Fe] versus [Fe/H] 
is equal to, or very close to, zero.
Calcium: There is probably a small negative correlation between
[Ca/Fe] and [Fe/H]. The slope is about -0.3.
Scandium: The slope of [Sc/Fe] versus [Fe/H] does not differ
significantly from zero. There are no stars observed with 
negative [Sc/Fe] but this may be due to the random errors in 
the measurement of the solar scandium lines all resulting in a 
chance underestimation of their strengths. Two stars appear
Figs V-30 to V-32
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exceptionally scandium-rich (X For and HR 1536).
Titaniu m : A slope of about -0.3 seems well established for the
plot of [Ti/Fe] versus [Fe/H].
Vanadiurn: Although there may be some stars with significantly
higher [V/Fe] than average, the majority define a tight 
relationship of zero slope in the [V/Fe] versus [Fe/H] diagram. 
Nearly all the vanadium lines measured lie on the weak-line part 
of the curve of growth and should, therefore, be unaffected by 
hyperfine structure.
Chromium: One or two stars studied may have significantly non­
zero [Cr/Fe], but there is no general trend for this over the 
whole range of iron abundances investigated. The slope of 
[Cr/Fe] versus [Fe/H] is zero.
Manganese : Apart from two stars (6 Eri and HR 2998) the points
in the [Mn/Fe] versus [Fe/H] plot show a tight positive 
correlation with a slope of +0.8±0.2. The error limits depend 
rather critically on one star, HR 3018, with manganese 
measured to be four times more deficient than iron. Since 6 Eri 
and HR 2998 are both considerably cooler than the sun and than 
all the other stars under investigation, one might expect a 
systematic error depending on temperature for these two stars.
No correction was made for hyperfine structure, even though nearly 
all the manganese lines were saturated. Bely (1966) has
discussed the errors which might thereby occur.
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Nicke 1 : All the stars have zero [Ni/Fe] within the uncertainty
of the observations, except HR 3018, which may be slightly 
nickel overdeficient. Apart from this star, the slope of 
[Ni/Fe] versus [Fe/H] is zero.
Zinc: The data for this element are rather poor, though the
two blue lines were generally easy to measure and gave 
concordant results. Some stars (especially 6 Eri and 51 Peg) 
are markedly zinc deficient, Ori and 104 Tau may also be
zinc deficient. Apart from these, most stars show about zero 
[Zn/Fe]. The exceptions are the metal-rich stars HR 4587 and 
31 Aql which probably have an additional overabundance of zinc. 
If the zinc deficient stars are not considered, the slope of the 
[Zn/Fe] versus [Fe/H] relationship may be zero or slightly 
positive, but it is not negative; or there may be no strong 
relationship at all.
Bari urn: The data for barium are very uncertain, and the
apparent trend for [Ba/Fe]>0.0 in many stars is possibly a 
systematic error in the measurement of the solar barium lines. 
There is no significant non-zero slope for the points in the 
[Ba/Fe] versus [Fe/H] diagram.
Summary: Certain negative slope: C, Ca, Ti, Mg
Possible negative slope: Na, A l .
Zero slope: V, C r , Si, Ni, Sc, Ba .
Possible positive slope: Zn
Certain positive slope: Mn
Fig V - 3 4
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Comparison with earlier wor k .
Both Wallerstein (1962) and Spite (1968) have discussed the 
dependence of [M/Fe] on [Fe/H] for various elements in G dwarfs. 
Wallerstein found the a-rich phenomenon (positive [a/Fe] for 
negative [Fe/H]) among four elements (Ti, Si, Mg, Ca). However, 
the present data do not support the inclusion of silicon in 
this group. Magnesium appears to show the phenomenon the most 
strongly, both in Wa11erstein's study and the present one, for 
which the Mg data were, however, also the most uncertain. 
Wallerstein also found a positive slope in the diagram for 
manganese, though the value for the slope A [Mn/Fe]/A[Fe/H] 
appears to be slightly less than found here.
Spite's (1968) analysis of fifteen F and G stars includes 
abundances from several authors. Magnesium was not found to 
differe significantly from e-process (Fe, C r , Ni) abundances 
(in contrast to Wallerstein's and the present results). Silicon 
and sodium also behaved in the same way as the e-process 
elements. Calcium and titanium showed the a-rich phenomenon 
(Ca slightly more so than Ti) and manganese the characteristic 
overdeficiency in iron poor stars, but with a slope of only 0.16 
in the [Mn/Fe] vs [Fe/H] diagram. Other e-process elements 
behaved like iron. Barium may be overdeficient in some metal- 
poor stars.
Discussion.
2The work of Burbidge et al. (1957) (B FH) on the stellar 
nucleosynthesis of the elements has been substantially modified
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for elements lighter than the iron peak by more recent work.
The a-process had been envisaged as a process of successive
a-particle captures by the reactions:
20 . . 16 Ne (y . a) 0
and then:
Ne20 ( a . Y ) Mg2  ^ (a . y ) Si28 ( a . y ) S 8 2 (a.Y) A 38 ( a . y ) Ca^°
2 7with non-alpha nuclei (eg. A1 ) being assigned to the s-process. 
These ideas have been largely modified by the concepts of 
successive burning of the helium-burning products. Thus at 
first carbon burning gives mainly:
12 12 23C + C -* Na + P
12 12 20C + C -> Ne + a
12 12 24C + C Mg
and
with some
The temperature is around T = 0.7. Si may also be formed by9
9 4 9ftMg (a.Y) Si
from a-particles liberated during carbon burning. Of the
2 3elements observed in this work, Na is likely to be a major
2 4product of carbon burning and Mg may also be an important 
product.
1 2After the exhaustion of C the temperature rises to T -1y
and a similar set of oxygen burning reactions occur, the main 
one being:
160 + . 28Si +
129
with some 0 ^  + -> M g ^  + 2a
although numerous other reaction channels also take place,
2 7including the formation of Al . Oxygen burning is probably a
28 24 27major source of Si , Mg and Al . Carbon and oxygen
burning have been discussed by Reeves and Salpeter (1959 ) .
At higher temperatures the very rapid photodisintegration 
2 8rearrangement of Si ('silicon burning') into heavy nuclei 
up to the iron group is able to account for the abundances of 
all nuclei in the range 30<A<50. The temperature is T -5. If 
this process is terminated before a true equilibrium sets in, 
then the elements formed in this mass range are preserved. The 
a-particle nuclei are the most abundant products. These ideas 
have been expressed by Truran et al . (1966) and by Bodansky
et al. (1968) . A text-book review has been given by Clayton 
(1968) .
The iron-peak (e-process) elements result from a complete
equilibrium after silicon burning. The important point is
that all the processes mentioned so far can be produced in a
©single star - a type II supernova of about 30 M (Fowler and
Hoyle, 1964), and at the time of the explosion the various
reactions may be occurring simultaneously in shells. This
concept has been strongly supported by the more recent work of
Arnett (1969) and of Clayton and Woosley (1969) . The important
2point is that whereas in B FH (1957) C, N a , Mg, Al and Fe 
(for example) were all produced independently by different
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processes, all these elements can now be produced simultan­
eously in different regions of the same massive star. The 
good observed correlations between the abundances of most 
elements is evidence for this view.
It seems likely that the a-rich phenomenon can be 
explained within this framework. Since these elements are 
less deficient than the e-process ones in metal-poor stars, 
it follows that a-rich stars were formed from interstellar 
medium which had been enriched by supernovae rendering a 
greater proportion of silicon burning products to e-process 
products than (presumably) more recent supernovae. There must 
be some physical difference between these supernovae for some 
to shed their reaction products before as much silicon burning 
had proceeded on to a true e-process equilibrium as in others. 
It is very possible that this difference is mass, for both 
van den Bergh (1962) and Schmidt (1963) have shown (though 
tentatively) that the luminosity function in the past must 
have been more weighted towards massive stars than it is for 
stars being formed now.
Furthermore, it appears that carbon in the [C/Fe] vs 
[Fe/H] plot probably shows a larger negative slope than the 
a-elements, and also that sodium and aluminium may possibly 
have negative slopes. It would be encouraging if these last 
elements did so for, even though they are formed by carbon 
and oxygen burning, this behaviour would be in common with
131
the other elements discussed which are lighter than the iron- 
peak.
It therefore appears that in the past (if abundance is 
related to age) that supernovae shed a greater proportion of 
all the products from He-burning to Si-burning than they shed 
of the e-process elements; and hence that these lighter 
elements attained their present day (roughly solar) abundances 
at an earlier epoch in the Galactic history than did the 
e-process ones.
The foundation for this statement is at present rather 
insecure, especially as there are a number of stars known 
with carbon overdeficient relative to iron, which is 
deficient. The subdwarfs y Pav and Ret (Danziger, 1966)
and HD 122563 (Wallerstein et a1., 1963; Pagel, 1965) are
some examples, and HR 3018 does not fit onto the relation found 
for the other stars. But it may be valid at least in the old 
disk rather than the halo era of star formation.
The other main anomaly is the well-known one of 
manganese within the e-process itself. The products of the 
e-process are a function of temperature, density and the ratio 
Z/N of protons to neutrons, and this ratio itself depends on 
the number of ß-decays which can take place in the short time 
available, that is, on the rate at which the e-process 
reactions occur, or on the temperature. Clifford and Tayler 
(1965) have presented data which show that a greater proportion
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of manganese can be produced in slightly more proton-rich 
supernovae. Pagel (1970) has suggested that this implies that 
more recent supernovae have hotter interiors, or are more 
massive. Unfortunately this suggestion, although it may be 
correct, is contrary to the one just expressed, and is 
incompatible with the evidence of Schmidt (1963) concerning the 
form of the luminosity function at earlier epochs.
For elements heavier than the iron-peak, the only ones 
with measured abundances were s-process elements, and all of 
these abundances were based on only one or two lines each. It 
is therefore difficult, but not impossible, to say anything 
meaningful about them.
56For s-process elements, it is generally assumed that Fe 
must be the dominant seed nucleus for neutron capture, and that 
red giants may provide the right environment, in which case 
these stars must be at least second generation objects. One 
might therefore predict the following:
(a) either a loose or no relationship between e-process 
and s-process abundances, or the products from many stars must 
be thoroughly mixed in the interstellar medium before new 
stars are formed from it.
(b) a good correlation between the abundances of all 
s-process elements.
(c) in the case of s-process-rich stars, o.N should be 
constant for all atomic weights, where N is the abundance and
a is the neutron capture cross-section. If on the other hand,
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the neutron flux was insufficient to achieve steady flow, then
g .N should decrease with atomic weight. The most rapid decreases
should be after elements with the smallest cross-sections, and
13 8an example of this is Ba with magic neutron number 82, and a
13 8cross-section of only 10 mb. The capture chain from Ba is:
 ^ 138 (n , a ) _ „ 139 3”. . 139 (n,tf)_ 140 ß \  „ 140Ba ------ Ba -- La — f t  •->■ La --^ Ce
o (mb) 10 32 19
2The data are from B FH (1957). In the situation of a steady 
flow, cerium should be about half as abundant as barium; but if 
barium is deficient then cerium should be overdeficient. This 
phenomenon has been elegantly demonstrated by Danziger (1966) 
for the subdwarfs y Pav and £ Ret.
These predictions will now be compared with the observations.
(a) There is a fairly good correlation of both the zinc and
barium abundances with iron, and this suggests that the ejecta
from many supernovae are thoroughly mixed before forming a star
of the next generation. This view has been put forward by
3Arnett (1969) , who estimated that ejecta from about 10 super­
novae are mixed before they form into new stars.
(b) Zinc and barium do show a rough correlation between 
their abundances. However two stars (6 Eri and 51 Peg) which 
are zinc deficient, are not deficient in barium. Now zinc is 
one of the first elements in the s-process chain, but copper 
precedes it. The data for copper are therefore of considerable 
interest, even though the abundances were only poorly determined. 
It is significant though, that copper appears very rich in the
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zinc deficient stars. Although this behaviour of copper, zinc
and barium would at first sight appear contrary to the s-process
theory, an explanation may exist and is tentatively put forward.
2Fig. V-36 shows the neutron capture path as given by B FH 
(1957) for all the important isotopes of copper and zinc. The 
solar system abundances from Suess and Urey (1956) of the
important stable isotopes are:
Cu
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63 Cu
66
64Zn
238
66Zn
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Zn
90.9
These isotopes are shown in boxes in fig. V-36. The important 
point is that the terrestrially most abundant zinc isotope is 
formed in a side-loop in the s-process chain. One might expect 
a low zinc abundance if this chain could be by-passed. The
64 64 +unstable Cu can decay into Ni by electron capture or ß
6 4decay, or into Zn by ß decay. However a by-passing of all 
three decays might be achieved by a short but rapid burst of
A high abundance 
of copper and low one of zinc is thereby produced. However the 
time scale for neutron capture would have to be about ten
6 5 6 4neutrons, forming Cu directly from Cu
hours or less - hardly a slow-process. If this theory is
correct, then the zinc in 6 Eri and 51 Peg would be Z n ^  and 
68
(c) If a. N falls rapidly from Ba to Ce for stars whose 
material has undergone only weak neutron exposures, then the 
diagram of [Ce/Ba] versus [Ba/H] (fig. V-35) should show a 
positive correlation (Ce overdeficient in Ba deficient stars).
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Unfortunately the measurement of the one weak Ce II line was 
very difficult, and although no correlation in fig. V-37 is 
apparent, the presence of one is not necessarily ruled out.
Lithium in old subgiants.
Lithium is one of a group of light elements assigned to
2the x-process by B FH (1957) . Spallation of C, N and 0 by
protons in the chromospheric regions of T Tauri stars is a
likely process, although other ones are possible (cf. the review
6 7article by Wallerstein and Conti (1969)). Both Li and Li can 
be produced by spallation at proton energies of a few tens of
M e V . Reactions such as:
12 7C (p,2pa) Li
are typical. Bernas et al. (1967) have predicted the ratio of 
G 7Li /Li to be 0.4±0.15 under the likely conditions.
Lithium and other x-process elements are also destroyed by 
protons, both non-thermal ones in chromospheres (an equilibrium 
is thus set up between spallation and proton destruction) and 
in interiors above about a million degrees. Stars with deep 
convection can therefore be expected to destroy their lithium
on a long-time scale by:
,6,7 , . 3,4Li (p , a ) He
but this time scale is much shorter for Li^ (~10^ yr.) than it 
is for Li"^  (~10* 2678 yr . ) .
Hence in old stars one might expect to observe a very low
lithium content; if any is observable at all then it should be
7Li . A number of recent investigations have been devised so as
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to test these predictions. Those of Herbig (1964) on lithium
isotope ratios, Herbig (1965) on the lithium abundances of many
F5-G8 dwarfs, and Herbig and Wolff (1966) on lithium in
subgiants are all important, as are the investigations by
Feast (1966, 1970) on lithium in 3 Hyi and other subgiants.
Also for late K type stars there is a well-established reduction
in lithium content with temperature (Bonsack, 1959) which is
probably understandable in terms of a greater convective
mixing zone for the cooler stars. Whereas Herbig (1965) may
have found some dependence of lithium abundance on age, his
results were not conclusive. For the present study, the work
of Feast (1966) is important, as he showed that several slightly
evolved stars, such as 3 Hyi, appear to have a high lithium
G 7abundance and a high Li /Li ratio of about 0.4 to 0.5, which 
is highly suggestive of lithium replenishment by surface 
activity in stars at about the time they leave the main 
sequence. 3 Hyi, £ Dor, u And and 10 Tau are all examples of 
subgiants which may have produced recent lithium.
The present study was restricted to:
a) testing further Feast's subgiant hypothesis that 
recent spallation has occurred
b) investigating whether there is any dependence of 
lithium content on age.
No attempt was made to measure the isotope ratio in the 
subgiants.
Of the seven stars with measurable lithium, x"^  Ori may
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not be an old star. Hence its high abundance is probably not
inconsistent with proton depletion by convection, if this
occurs. The abundance in 104 Tau is somewhat in doubt, as one
plate (of two) did not show the feature clearly. The
abundance in 6 Eri is not high; it was only measurable because
of the low effective temperature of this star. This leaves
four stars studied here which are subgiants with well-
established high lithium contents. They are 10 Tau, HR 3992,
8 Hyi, and HR 1536. It may be significant that these four
stars are among the four youngest, hottest and most massive
of the stars studied. 10 Tau and HR 1536 have evolved further
above the main sequence than the great majority of other stars
studied. Furthermore, there were four stars studied which may
have a detectiable but not measurable lithium line. These were 
2 218 Sco, A For, A Ser, and v Lup. Of these, the first three 
are among the next three youngest stars in order after those 
with strong lithium. Finally, 6 Eri is also one of the younger 
stars; its age is probably slightly greater than the sun's and 
its lithium content is about solar.
The above evidence supports the following statements:
a) Stars slightly more massive than the sun do replenish their
lithium at about the time they leave the m a m  sequence. They
9probably do this at an age of about 5 to 8 x 10 y r . (see chap. 
VII).
b) Older less massive subgiants have either lost all their 
replenished lithium, have not yet formed it, or are not massive
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enough to form it at all.
c) Stars which are intermediate in mass and age between these
2extremes (like 18 Sco, X Ser, X For, 6 Eri) may have either
just started to replenish their lithium, or they are in the
process of loosing their replenished supply.
Case (a) above refers to masses approximately in the range
1.2> M> 1.0 solar masses, though may also be valid for higher
masses; case (b) refers to 1.05> M> 0.85 solar masses, and case
(c) to borderline cases, generally within five percent of a
solar mass, (see chap. VII ) .
The data are not adequate to distinguish between the
various alternatives put forward above. However they are not
contrary to the suggestion that all stars, at least in the mass
range 1.2> M> 0.8, replenish their lithium on leaving the main
sequence and then loose it again on a long time scale of about 
, 810 y r .
The case of 104 Tau may be interesting, as other subgiants 
in this region of the HR diagram showed no lithium. From one 
plate this star had [Li/H] = +0.90 and [Li/Ca] = +0.80, although 
Herbig (1965) gave a visual estimate of [Li/Ca]^ + 0.50. It 
probably also has a low microturbulence ( [v ] = “0.1) . If
microturbulence is related to convection, then one might speculate 
that the convection zone is less deep than normal in this star, 
a circumstance which could have helped preserve its lithium. On 
the other hand, it may not be valid to compare 104 Tau with stars 
of the same temperature and absolute magnitude (like HR 7644) :
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for there is some evidence that it may be helium-rich (chap VI), 
and therefore much younger.
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CHAPTER SIX.
GRAVITIES, MASSES AND THE HELIUM PROBLEM.
The gravity is an important parameter in the study of 
slightly evolved stars. This is because of the near constancy 
of gravity for zero-age main sequence stars of a given 
composition, whereas the first stage of evolution after the 
onset of hydrogen burning is invariably an expansion of the 
star and hence a reduction in surface gravity from the zero-age 
value. The measurement of gravity can therefore be used for 
dating a star, and the virtue of the method is that it is 
entirely independent of the trigonometric parallax.
In this chapter a comparison will be made of the gravity 
measurements with the parallaxes; together, they provide 
convincing evidence for evolution in most of the stars studied. 
The basis of the gravity measurement is detecting a strengthening 
of lines of ionised elements for a star of known temperature and 
abundance. In the case of the parallax method, one looks for 
too small a parallax for a star's brightness and colour index, 
for it to be on the zero-age main sequence.
There is in fact a third method of detecting slightly 
evolved stars; if the star is a visual binary whose orbit is 
known, then the total mass of the system can be found. If the 
ratio of the masses can also be estimated then it should be 
possible to show that evolved stars are too bright for their
masses. However, the parallax is needed, both for computing an
Fig VI-1
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orbit and for obtaining the absolute magnitude. Two of the
stars studied here are visual binaries with known orbits and
their masses will be discussed in this chapter.
In chapter three, an electron pressure [P^] was derived for
each model atmosphere by coarse analysis. The results are
illustrated in fig. VI-1 where loci of constant gravity are
plotted in the ( [P^] , A0 ) plane for different metal abundances
Differential effective temperature is used as abscissa and not
the model temperature, A0^ which was used in fig. 111-3 . This is
because A0^ describes the temperature difference at the depths
of line formation (typically x ~ 0.1) in stars whose backwarming
differs from that in the sun, better than does A0 , whichM
describes the temperature change at much greater depths.
The quantity [P ] relates to the shallower depths, since e
it is derived from the line strengths.
Fig. VI-1 also shows all the stars in the programme plotted
in the ([P ],A0 ) plane. Gravities were obtained by lineare e
interpolation between the three tabulated gravities of
log g = 3.6, 4.0 and 4.4, and by linear interpolation between
the two calibrations for the metal abundances which spanned
either side of the observed value. The interpolation was done
graphically from a large scale version of the figure. Since the
models are calibrated for three metal abundances, [ lVh . _/H] =total
+0.48, 0.00, -1.00, itwas necessary to establish a suitable
mean value of this quantity for each star observed. However
the only elements of importance are those, apart from hydrogen,
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which actually contribute a significant fraction of the electrons
to the atmosphere, and this requires both a high abundance and a
low ionisation potential. To be important in the sun one
requires log M >7. (using log N = 12.00) and I<9eV.total H
Adopting the higher solar abundance of iron recently proposed 
(Garz et a l . (1969) and Baschek et al . (1970) ) then iron,
silicon and magnesium are seen to be the main metallic electron 
donors in the sun. It will be assumed that they are also the 
main ones in all the stars studied. In the sun these three 
elements contribute about equally whereas the fourth most 
important donor is about a factor of ten less effective. One 
would therefore require a severe abundance anomaly for Fe, Si 
and Mg not to be the three leaders in any of the stars studied; 
no such anomaly was found. An approximate mean metallic 
electron donor abundance was then derived for each star as the 
arithmetic mean of [Fe/H], [Si/H] and [Mg/H]. Taking a mean 
in this way is not mathematically accurate, but the data do 
not justify a more elaborate method.
The star ß Hyi will now be used as an example. The data
are :
-0.33
[Fe/H] -0.31
[Mg/H] -0.38
[Si/H] -0.30
[M -0.33 (adopted mean electron donorel.don.
abundance)
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For this electron pressure, if [M/H] were to equal 0.00, then 
log g^ would be 3.63. If M/H = -1.00, log g_^ = 4.14. The 
adopted gravity is:
iog -log g
log g = log gQ + A[M/H]------ .( [M/H])
= 3.63 + ~ .(-0.33)0 .0 0 - 1.00
= 3.63 + 0.17 = 3.80
The remainder of the gravities have been obtained in the same 
way and the results are given in table VI-1; this table also 
lists the adopted values of [M/H].
Accuracy of the Gravities.
Three parameters are necessary for obtaining the gravity.
These are the differential effective temperature A G t h e
electron pressure [P ] and the abundance of metallic electrone
donors, [M/H]. However, the last two of these can be broken 
down into the basic quantities which are measured, namely curve 
of growth shifts, and temperature.
At the end of chapter III two equations were given for 
[Pg ] in an atmosphere, depending on whether electrons came 
from hydrogen or the metals.
Writing
then
Pe
iy-I
L  8r) .g
a = -\0
3 = 13.
k ele ctrons f r om hydrogen
a = n. ele c tron s f r om comple te ly
3 =
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Reference to fig. VI-1 shows that G stars obey the latter 
more closely. For a star of solar temperature and abundance 
8-0.45 and a-0.18; 8 changes only slowly in the temperature -
abundance plane, whereas a reaches about 0.4 for late G types. 
Because of this the equation derived in chapter III for the
electrons-from-meta1s case will be used in the following
discussion. This equation is:
[g] = 2[P ] + A 6.1 - + 2.5[0] - [M/H] 1.e H
The electron pressure is measured by:
[P ] = S._ - S - I . A 0 - 2 . 5 [ 0 ] 2.e :I II M
and the metal abundance by:
[M/H] = S_j. + [ vU k ] - [1-x] 3.
and the continuous opacity by:
[k ] = [P ] + I -.A0 + 2.5 [0] 4.e H
and the degree of ionisation is a solution of the equation:
[1-x] = [P ] + I ' .A 0 + 2.5 [0] + [x] + [ U / P TT] 5.e M I I I
Here S^, S^^ are shifts for neutral and ionised lines of the
same element, and S^ is the shift for elements providing
electrons. Similarly I (metals used in determining [P ]) andM e
1^ (metals providing electrons) have been distinguished.
Next it is noted that and S are each the mean of the
three shifts of respectively neutral and ionised iron, chromium
and titanium and I,, is the mean ionisation potential of theseM
three elements. Similarly S^. is the mean shift of neutral iron,
magnesium and silicon, the three electron donors, and I' theM
mean ionisation potential of these three. Because S and S|
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both involve the shift of neutral iron, they are not 
statistically independent, and this will be taken into account 
in the error analysis.
Combining equations 1 to 5 results in the equation:
[g] = 2 S - 2 S - SI -[vU /x ] - 2.5 [0]+ (I ' - 21 ).A0I I I I  II M M
This equation has used a mean value of total Doppler velocity
[v] for all elements. Further I' = 7.89eV and I = 7.15 eV soM M
(I' - 21 ) = -6.41 e V . Next it will be taken that the partitionM M
function [U^] and the degree of ionisation [x] are zero for all 
the temperatures, electron pressures and elements under 
consideration; this is a very good approximation. It is now 
necessary to write:
giving:
s;
1 (s + S + S3 Fe I CrI Til )
1 (s + S + SSiI>3 Fel Mg I
3 (SFeII S +CrII S . )Till
[g] 3 ^SCrI + S TiI SFeII SCrII STiII) 
+ 3 ( S F eI S MgI " SSiI)
- [v] -2.5 [0] - 6.41 A0
There are three kinds of error to consider. These are:
a) Errors in the shift, due primarily to the scatter of lines 
of intermediate strength about the mean curve.
b) Errors in the shifts, due to uncertainty in the velocity 
parameter. This is due to uncertainty in the determination of 
only the microturbulent component (as v is a very slowly varying
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function of temperature) and arises from the scatter in the weak 
lines and intermediate lines together, 
c) Errors in the temperature determination.
The first of these errors is found independently in each of 
the eight shifts involved. However the second error only occurs 
once as the same microturbulence was adopted for every shift in 
the same star. This can be seen because the sum of all the 
coefficients of the shifts in the last equation equals minus one. 
The temperature error enters in the last two terms.
As a rough approximation the uncertainties in the shifts 
will be taken as ±0.1 in all the stars except for the Mg I and 
Cr II shifts where it will be taken as ±0.2. This gives a 
total uncertainty from this cause of:
± / ( — x 4 x 0 . 1  + — x 0 .2 + — x 2 x 0.1 + — x 0.2 )
= ± 0.21
The second error is very hard to estimate and varies 
somewhat from star to star, depending on the quality of the 
plates. However ±0.1 is a reasonable estimate for most stars;
HR 3018 may be slightly worse.
Since 2.5 [0] = 1.2 A0 is a good approximation for
j A0 I±0.1, the uncertainty in [g] from an uncertainty in A0 of 
±0.01 is ± 0.076. The few stars with temperature uncertainties 
of ±0.02 in 0 will have twice this uncertainty in [g].
Combining these three errors of ±0.21, ±0.1, ±0.076 gives
an uncertainty for [g] of ±0.24. The second decimal place may 
have no significance. This rises to ±0.28 for those stars
Fig VI-2
•  10 Tau
1.20 M
•  HR 1536 HR 2998  •
1.03 M
1.00 M
•  31 Aql
0.95 M
•  HR 3018
•  HR 3992
•  X Ser
HR 7644 •  V LupX  Orl
104 Tau
•HR 6516
•  HR 4523
51 Peg 0.90 M
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where the uncertainty in 0 is ±0.02.
If a star evolves vertically off the main sequence at 
constant effective temperature then log g falls by 0.4 for 
every magnitude rise. Using the electron pressure method of 
measuring gravity, one should, therefore, only expect to 
detect subgiants which are significantly more than half a 
magnitude above the main sequence. This is the case for most 
of the stars being studied.
Comparison of gravities and absolute magnitudes.
In chapter I the selection of subgiants was made on the
basis of the UBV photometry and the parallaxes. In the present
chapter the stars will be plotted in the (M ,log T ) plane.bo 1 e
Absolute bolometric magnitudes were obtained by using the 
calibration between the bolometric correction (B.C.) and log Te
given by Johnson (1966). The log T values were obtainede
from A0^ (table IV-1) after adopting 0® = 0.87 (to 2 sig fig) 
(Labs and Neckel, 1968), and the absolute visual magnitudes to 
be corrected came from the trigonometric parallaxes (Jenkins, 
1952) . Table VI-2 lists the results and fig. VI-2 shows the 
stars in the 1°9 T plane. In this diagram the magnitudes
of the visual binaries 104 Tau and HR 6516 have been corrected
. a m , m .assuming AV = 0.0 and 0.2 respectively.
The values of AM, ,, the difference in magnitude betweenbo 1
the star and a Hyades star of the same T , were derived frome
the Hyades zero-age main sequence given by Sandage and Eggen 
(1959) in the , (B-V) plane. This main sequence was
H
R
 2
99
8
HR
 6
51
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transferred to the M, - /log T plane using the relationshipbo 1 e
between B.C. and log T given by Johnson (1966) . Also, Johnson'se
(B-V) versus log T calibration was assumed to be accurate fore
Hyades dwarfs. The resulting zero-age main sequence (ZAMS) may 
not be the true main sequence for the stars being studied. In 
view of all the uncertainties involved in deriving this ZAMS, 
the AM values may be in error by one or possibly as much as 
two-tenths of a magnitude, even if the parallaxes were 
precisely known.
Fig. VI-3 shows the relationship between [g] = log g - 4.40
and M . The solid straight line is the theoretical relationship
in the case of vertical evolution (constant T ) from the maine
sequence. The arrow is a vector showing the displacement of a
star in this diagram if the assumed temperature is 0.01 cooler
in A 6 .e
Fig VI-3 can be interpreted in one of two ways.
1) There is a good correlation between [g] and AM, and thisb o 1
can be taken as spectroscopic evidence that the majority of the
stars have evolved. One might then regard the scatter as
observational error, and the values of [g] permit spectroscopic
luminosities to be derived, using the assumption of vertical
evolution. Actually this assumption is a poor one for stars
®more massive than 1.2 M and the straight line in fig. VI-3 
should be regarded as an upper bound. 10 Tau probably lies 
below the line for this reason; i.e. its effective temperature
has cooled since it left the main sequence.
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Two stars, 31 Aql and HR 3992, have gravities and 
luminosities that don't agree well. In the case of HR 3992 
this may be partly due to too cool an adopted temperature, and 
of 31 Aql to both a parallax and a gravity error. However, it 
is unlikely that the gravity error could have arisen from a 
temperature error, as 31 A q l 's temperature is well determined.
Two stars, x"^  Ori and HR 6516, show no spectroscopic 
evidence for evolution. Since Ori is a member of the young 
Sirius group (Eggen, 1964), it is likely that this star is not 
an old subgiant. In this case, its corrected (B-V) index cannot 
be a good measure of its effective temperature. The gravity 
for HR 6516 may contain a systematic error due to the binary 
nature of this star, especially if one component were slightly 
cooler than the other.
2) The scatter in fig. VI-3 can be regarded as real, and the 
mass of each star calculated from:
log (y/y@ ) = [g] - 4[T ] - 0.4 (M - M ®)e bo 1 b o 1
However these masses have uncertainties of about a factor of 
two, and are, therefore, not very useful. The values are given 
in table VI-3, which shows that there is also a systematic 
error in the sense that the spectroscopic masses averaged 
twenty per cent too low when compared with the much more 
accurate masses derived from evolutionary tracks in the next 
chapter. However, this systematic error corresponds to less 
than one tenth in the logarithm for the gravity measurement,
and is therefore not large.
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The visual binaries.
104 Tau, HR 6516, 18 Sco and HR 3992 are visual binaries;
the latter two have very faint secondaries, but the former two 
have components of comparable magnitude and known orbits. This 
enables the calculation of the total mass of the system using:
y = y IICM+1-I
3 3 2a /II .P
Unfortunately , th i s mas s is very sensitive to the parallax.
However, the gravity varies as only 1/Jl . Using
[g] = [ y ]  - 2 [R ] + log a
and Mbol
©- M =bol -5 log [R] -10 [T ]e
and bol “ M , = bol -5 log n -5
gives [g] = 3 log a + loga - log II -2 log P + 4 [T ] e
+ 0.4 (m , - M® ) + 2 . 0 0bol bol
In the above equations:
y mas s
a = semi-major axis in seconds of arc.
P period in years.
a = y 1 / y
R radius of one component.
6 .
m, = V + B.C. for one component,bo 1
On the other hand, using the parallax and the assumption
of vertical evolution gives:
[g] = 0.4 m, , + 2 log II -0.4 M,' _ + 2.0 7.bol bol
where M' . is the absolute bolometric magnitude of main sequence bol
stars of the same effective temperature.
Equations 6 and 7 can now be solved simultaneously for
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both [g] and II. The results are: 
logll
and
0.13 (M' , - M,° .) + log a + — loga - ~  log P + g-[T ]b o l b o l  3 3 3 e
[ g ]
4
0.4 m, , -0.13 (M' , + 2M, ,bol bol bol
8
) + 2 log a + - loga
, log P + -[T ] + 2.03 3 e
This is a useful technique/ particularly as it gives an 
independent value for the parallax.
HR 6516: The star HR 6516 (ADS 10598) is a well known binary
with a period of about 46 years and a = 1 1  . Eggen (1965b)
and Duncombe and Ashbrook (1952) have both found masses. Eggen 
gives:
n mean mass of one component Mv
0.060 1.0 4.95
0.0525 1 . 5 4.65
whereas Duncombe and Ashbrook give :
n ma s s e s MV
0.061 1.13,1.08 4 . 9,5 . 1
0.056 1.45,1.39 4.7,4.9
These latter authors find a = IV02, P = 46.08 yr. and estimate
a(= y /y ) to be 0.51 from Am = 0.2. Using these orbital
parameters with Jenkins' (1952) parallax of 0.050, and m =
-0.015 (from A0 = +0.03) and M.@ , = 4.79e bol
4.79 (Allen, 1962) and adopting zero B.C. for the
5.94, 6.14, [T ]e
(after MV
sun) and then substituting in equation 6 for [g] gives, for the 
brighter component:
[g] = +0.11
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On the other hand, the ZAMS of Sandage and Eggen (1959) ,
when combined with the bolometric corrections and temperature
scale of Johnson (1966), gives M' . = 5.25 for HR 6516, and thisbo 1
in turn gives, from equation 7, a gravity:
[g] = -0.33
Since these differe considerably it is possible that the parallax
of 07050 is too small. Solving equations 6 and 7 simultaneously
for [g] and IT gives:
[g] = -0.04
II = 0 7 0 7 0
It should be noted that the last gravity agrees well with the 
spectroscopic value obtained earlier of:
[g] = -0.01
There is therefore good evidence for HR 6516 not being an 
evolved system: but if this is the case, then it is only about
14 parsecs from the sun, and it is surprising that so close a 
star should not have an accurately determined parallax.
The masses for HR 6516 have also been given by Gray (1964) , 
who measured the trig, parallax and combined his value with the 
earlier ones to obtain masses of 1.94, 1.83 M , using Duncombe
and Ashbrook's (1952) orbit. Gray noticed that these masses 
obeyed the empirical main sequence mass-luminosity relationship, 
but this must be fortuitous, for if the parallax of 07051 he 
used is correct, then the stars do not lie on the main sequence.
Both West (1966) and Batten et al. (1971) have measured the
radial velocity difference, which, according to Dommanget and
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Nys (1967) , reached a maximum of about 12 km/sec in 1964 to 65,
and hence found a parallax (from the velocity difference) of
©about 0 V 0 60 and masses of 1.14 and 1.08 M . These last values 
seem more reasonable than Gray's, and they are not over- 
discordant with the spectroscopic gravity or the mass from 
evolutionary tracks (chap. VII) obtained here.
104 Tau : The orbit of the visual binary 104 Tau is less well
known; the semi-major axis a is only about 0V1, and the 
components are of about equal magnitude, which gives rise to an 
ambiguity in the position angle of each observation. Because of 
this, Eggen (1956) has given two orbits of which only the second 
(with a = O'.'IO and P = 2.38 yr.) gives masses of the right 
order. Eggen's results are:
n mean mass of one component Mv
0.073 0.23 4.96
0.058 0.45 4.46
0.041 1.28 3.72
The second of these parallaxes is the one given by Jenkins 
(1952), but only the third gives a reasonable mass if the 
composition is normal. However the discrepancy could easily 
arise from the uncertainty in the orbit. The Jenkins parallax, 
observed at Allegheny, is probably correct; it is of high weight 
and agrees with a more recent value from the Sproul Observatory 
of O'.'057, also of high weight (included in the 1963 supplement 
to the Jenkins (1952) parallax catalogue) .
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The orbit has also been obtained by Bespalov (1962), who
found a = 0711 and P = 5.8 y r . However, this large period would
give an even lower mass. The orbit and mass of 104 Tau have
been discussed by Flather, (1957) .
Using Eggen's second orbit, and II = 07 058, m, , (onebo 1
component) = 5*64, a = 0.5, [T ] = -0.005 (from A0 = +0.01) and ^ 0
, = 4.79 (as with HR 6516) , then, from equation 6:bo 1
[g ] = -0.50
On the other hand, M . = 5.01 for A0 = +0.01 (from the ZAMS ofbo 1 e
Sandage and Eggen, (1959) with the bolometric corrections and 
temperature scale of Johnson (1966)), and this gives, from 
equation 7 :
[g] = -0.22
which is in fair agreement with the value from the orbit.
Solving equations 6 and 7 simultaneously for the gravity 
and the parallax results in:
[g] = -0.41
and n = 07047
The spectroscopic gravity obtained earlier was:
[g ] = -0.42
Thus, in the case of this system, all three gravity 
determinations agree well, and the parallax is not in doubt.
The star is a subgiant, but there still remains the problem of 
the low mass if one is to arrive at a reasonable age. A 
possible explanation is presented in the last section of this
chapter.
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Finally, it should be noted that the technique described 
of solving simultaneously for the parallax and gravity in both 
cases gives gravities in excellent agreement with those found 
spectroscopically. This adds some weight to the assertion that 
the distances so derived may be more accurate than the 
trigonometric values for these particular stars.
Gravity measurements and the helium abundance.
The helium abundance in subgiants is a topic of great 
importance, either because it is related to the helium abundance 
at an early epoch in the history of the Galaxy (if the subgiants 
are old) , or because a helium-rich subgiant may not be old.
This is because the scale time for hydrogen-burning is roughly 
proportional to the initial mass fraction of hydrogen.
In this section two questions will be considered:
a) If the He/H ratio by mass (=Y/X) is not 
0.63 as adopted in the models, will the 
gravity measurements be in error?
b) Is it possible to measure the He/H ratio 
for G-type stars?
The case of He-poor stars is not of such importance. 
Eliminating all the helium from a G star of solar He/H ratio, 
increases the mass fraction of hydrogen by only about 50 per 
cent. Such a star would have to be very old to be evolved, 
and one would not expect to detect such a small change in X.
On the other hand, the existence of He-rich stars is well
established, and Nariai (1963) has summarised the various types.
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Omitted from his list are the He-rich white dwarfs. Among
early-type He-rich stars are HD 181615 (Greenstein and Adams,
1947; Hack and Pasinetti, 1963) with Y/X-200; HD 30353 (Nariai,
4 o1963; Wallerstein et al., 1967) with Y/X-10 ; BD + 10 2179 
(Klemola, 1961) with Y/X-1300; HD 160641 (Aller, 1954) with no 
hydrogen. Among late-types, the R CrB stars may be He-rich, and 
Searle (1961) has analysed R CrB itself, finding Y/X=2000.
Thus, although stars with very high He/H ratios are known, it 
is likely that they have all lost their hydrogen atmospheres to 
expose a helium core. The formation of He-rich stars from the 
interstellar medium, even with only moderate helium enrichment 
(Y/X-3), is a matter for speculation. It is however thought 
that the great majority of old disk stars have a solar helium 
content. The evidence for this has been summarised by Pagel 
(1970) .
Model atmosphers for helium rich stars.
A grid of 33 flux-constant He-rich model atmospheres was 
computed in the (0, log g) plane. This grid comprised:
a) eleven effective temperatures, ranging from
0 = 0.80 to 1.00 in increments of A0 = 0.02M M
designated 1 to 11).
b) three gravities, viz. log g = 3.2, 3.6, 4.0,
(designated A,B,C).
c) (X ,Y ,Z ) = (0.201, 0.781, 0.018) (designated HER).
These atmospheres have a normal Z, but Y/Z = 3.89 instead of
0.63. This value was chosen because [M/H] + 1og 3, which is
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the same as for the SMR models computed in chapter III; the 
computational procedure was the same as described there. In 
particular, the free-free opacity of He was included.
The choice of gravities follows from the quasi-homo logy 
relations of Faulkner (1967) for main sequence stars, which are:
L« (X + 0.4) 2 ‘6 7 (Z + O.OIO)0,455 f (T )e
L* (X + 1.2)"11 * 72 (z + o .012) _1 ‘034M 5 
and the assumption that the interior and atmospheric compositions 
are initially the same. Applying these relations to He-rich stars 
one can now calculate the luminosity and mass ratios of He-rich 
to normal composition main sequence stars of a given temperature. 
With the additional assumption of vertical evolution, the ratio 
of the gravities for subgiants of the same luminosity and 
temperature can be found. Provided this last assumption is valid, 
the gravity ratio will not depend on the particular values of 
luminosity and temperature considered. This gravity ratio can 
be expressed by A log g, and the results for He-rich, and for 
metal-rich and metal-poor stars were:
Designation
HER 
SMR 
MEW
In this table AM,
AM, . (main sequence) bo 1
+ 1.48 
- 0.33 
+ 0.40 
is the difference in M,
A log g
- 0.38 
+ 0.08
-  0.10
between mainbol bol
sequence stars of the designated composition and normal
composition main sequence stars of the same temperature. A log g
is the gravity difference for subgiants of these compositions
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having the same luminosity and temperature. The (X,Y,Z) values 
for the normal, metal-rich and metal-poor compositions are 
given in chapter III.
Thus it is seen that stars in the luminosity range being 
studied (roughly between the Hyades main sequence and two 
magnitudes brighter) have gravities approximately in the range 
3.2<_log g<_4.0 if their compositions correspond to the helium- 
rich models. The gravity change for metal-rich and metal-poor 
stars is sma11.
Continuous fluxes, Ha profiles and iron line strengths for 
He-rich stars .
The slope of the continuous fluxes of He-rich stars, 
between the Balmer and Paschen jumps, is the same as for normal 
composition stars of the same model temperature (see table III- 
2). However the size of the Balmer jump is larger for a given 
luminosity and temperature, because the electron pressure is 
less in the helium stars than in metal-rich stars with normal 
He/H ratio. Since the 1ine-b1anketing is similar in helium 
and metal-rich stars, one would expect, therefore, to see a 
small additional UV deficiency in He-rich stars over metal-rich 
ones of the same luminosity.
The Ha wing profiles for He-rich stars were computed in the 
same way as described in chapter III. The results showed that 
for stars of a given luminosity and temperature, the wing
O
profiles (^XMD.SA) correspond exactly to the profiles of the 
metal-rich stars. Once again, the luminosity dependence is very
<0.
84
 
0
.9
0
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small. Thus the Ha wings for stars in this region of the HR
diagram are sensitive to temperature and (M/H), but not at all
to (He/H), and only very slightly to luminosity.
The same ten Fe I and ten Fe II lines as used in chapter III
were used here for a comparison of their equivalent widths for
He-rich stars with those for metal-rich stars. For all practical
purposes the Fe I lines in these two sets of models have the
same equivalent widths for stars of the same temperature. At
a given luminosity, differences of more than about 2 per cent
are not found. The luminosity dependence is also negligible.
However the Fe II lines in He-rich stars show a systematic
difference which depends on temperature; for 6^ = 0.80 they
average about 5 per cent stronger in the He stars, and for
6 = 1.00 they average about 10 per cent stronger. This result
refers to He-rich and metal-rich stars of the same luminosity.
For stars of the same gravity the situation is reversed;
at 0., = 0.80 the He-rich stars' Fe II lines are about 5 per cent M
weaker than those of metal-rich stars, and at 0 = 1.00 they
M
are about 10 per cent weaker.
These iron-line results can be interpreted in terms of 
electron pressure; at a given luminosity [ P ] for He-rich stars 
is lower than for metal-rich stars; at a given gravity it is 
higher. The electron pressure difference, A [P ] = [P ]
0 0 iiiii i\
- s m r P^otte<  ^ against temperature in fig. VI-4 for both 
constant luminosity and constant gravity. The dependence of 
A [Pg] on the actual value of the constant luminosity (or gravity)
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is only slight, and the mean values for the luminosities (and 
gravities) computed has been plotted. In the foregoing, it is 
taken that constant luminosity is achieved by a logarithmic 
gravity difference of -0.4 between He-rich and metal-rich 
subgiants. (According to the previous section, the exact value 
is -0.46).
A discussion of the atmospheres of early-type helium stars 
has been given by Böhm-Vitense (1967). In many respects her 
results are similar to the present ones for cooler stars. She 
noted there was no change in the Hy profile for deficiencies 
in hydrogen up to a factor of ten.
Gravity errors and the helium abundance.
We will now return to the two questions posed at the 
beginning of the discussion on the helium abundance. It will 
be assumed that in comparing a He-rich star (Y/X = 3.89) with
a normal helium star (Y/X = 0.63) with the same (M/H), then the 
above results will be quantitatively valid regardless of this 
value of (M/H). For such stars of the same luminosity, 
Faulkner's (1967) homology relations predict a gravity 
difference of -0.46. The model atmosphere results predict an 
electron pressure difference of about -0.07. Assuming that
I
P «g2 (Chapter III) then the measured spectroscopic gravity for e
a He-rich star will be about 0.14 in the logarithm less than 
that for a normal helium star with the same luminosity and 
(M/H). This fictitious gravity is derived from the assumption 
that only temperature, gravity and metal abundance determine
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the electron pressure. The relationship between the measured 
gravity and the number of magnitudes a He-rich star lies above 
the Hyades main sequence is shown in fig. VI-3.
Unfortunately 0.14 is less than the uncertainty in the 
gravity measurement, and hence it will not be easy to detect 
He-rich stars with Y/X-3.89. There is however one star with an 
abnormally low measured gravity for its parallax. This is 
HR 3992. Since this star is however weak-lined for its 
temperature, it would have to have a very low Z if it were 
also to be He-rich. It would be wise therefore to regard the 
evidence for this star being He-rich as inconclusive. In the 
case of the strong-lined star 31 Aql, the electron pressure is 
actually too high for its parallax. It is therefore improbable 
that this is a He-rich rather than metal-rich star.
In conclusion, there is no convincing spectroscopic evidence 
to suppose that any of the subgiants studied are He-rich. They 
are, then, probably old stars. However, for some of the stars 
neither has the case for helium enrichment been disproven.
The possibility of determining helium abundances from 
spectroscopic gravities for cool stars has also been discussed 
by Strom and Strom (1967) .
The helium abundance of visual binaries.
Both HR 6516 and 104 Tau are visual binaries with known 
orbits, and this allows the total mass to be determined. Since 
the mass of He-rich stars of a given luminosity and temperature 
is lower than that of normal stars, an approximate He abundance
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can be deduced. For HR 6516 the masses are, if anything,
slightly high for the temperature, and there is no reason to
suppose the star to be He-rich. However, in the case of 104
Tau there are two reliable parallaxes which agree well, and
these are in fair agreement with the value derived by the author.
©With II = 07058, each component has a mass of 0.45 M (Eggen,
1956). According to Sandage and Eggen's (1959) main sequence
with Johnson's (1966) temperature scale and bolometric
corrections, a star with A0 = +0.01 has A log L = -0.044
©corresponding to a mass of 0.98 M for a solar composition 
star, (using Faulkner's (1967) second homology relation). The 
dependence of mass on Z is slight, so the Z terms in Faulkner's 
relations will now be ignored. Eliminating log L between the 
two relations and solving for X gives, for 104 Tau, X = 0.24, 
or He/H = 3.2 by mass. The accuracy is not great because the 
mass is so sensitive to the adopted parallax, but there does 
seem to be evidence for 104 Tau being a He-rich star.
Reference to fig. VI-3 shows 104 Tau to have a measured 
spectroscopic gravity about 0.1 in the logarithm too small for 
its parallax. Although this is smaller than the uncertainty 
in the measurement, it is of nearly the right amount for the
star to have the above helium enrichment.
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CHAPTER SEVEN.
AGES, KINEMATICS AND GALACTIC EVOLUTION.
In this chapter, the implications of the data of this 
thesis to Galactic evolution will be discussed.
Evolutionary ages and masses.
The most accurate method of measuring a star's age is to 
use evolutionary tracks. The method is applicable only to 
slightly evolved stars of accurately known absolute magnitude. 
Calcium emission intensities (Wilson (1963); Wilson and Woolley 
(1970))and kinematics both give only a rough indication of age, 
and require calibration by further observations or by an assumed 
Galactic model.
The evolutionary ages were derived by reference to two sets 
of isochrones, which have been interpolated by Sandage and 
Eggen (1969) from evolutionary tracks of both Iben (1967) and of 
Aizenman, Demarque and Miller (ADM) (1969) . Sandage and Eggen 
found it necessary to shift these tracks in temperature 
(constant luminosity) on to their observational zero age main 
sequence (ZAMS). The (M , lo9 Te ) values of table VI-2 
have been plotted on to the isochrones of Sandage and Eggen 
in figs. VII-1 and 2. The binaries 104 Tau (ADS 3701) and 
HR 6516 (ADS 10598) have their mean absolute magnitudes of one 
component plotted.
Table VII-1 gives the derived Iben and ADM ages in units
9of 10 y r . On average the Iben ages exceed the ADM ones by
Fig VII-ls Iben
Fig VII-2J ADM
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about 25 per cent. Systematic errors must therefore be present
in at least one of these sets of ages. However it is fairly
certain that both sets of isochrones result in large
systematic errors for stars within about 0.2 magnitudes of
Sandage and Eggen's ZAMS, for in both sets the sun's age appears
to be about a factor of two too small. For this reason the
ages for 51 Peg and x Or i may also be seriously underestimated,
if they are single evolved stars (rather than binaries). Table
VII-1 also gives the means of the Iben and ADM ages; this mean
value will be implicit in all references to age in the remainder
of this chapter, unless stated otherwise.
The uncertainties in these ages can be estimated from the
absolute magnitude errors in table VI-2 derived from the parallax
errors given by Jenkins (1952), and from the position of each
individual star in relation to the slope of the isochrones. In
most cases, the accuracy of the temperature determination results
in little influence over the net accuracy of the derived ages.
Fortunately, most of the stars lie in a region where the
isochrones are nearly vertical, so the parallax uncertainties
9give age uncertainties of only about ±1 x 10 y r . Frequently it
9is less than this (e.g. 3 Hyi has aibEN =(8*7 ± 0.5) x 10 yr),
2and sometimes the lower limit is greater (e.g. A For: A =IBEN
(8.7 +0.3, -2.8) x 109 yr.).
The evolutionary tracks of Iben and of ADM differ in the 
compositions they refer to. Iben used:
(X,Y,Z) = (0.71, 0.27, 0.02)
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and ADM used:
(X,Y,Z) = (0.67, 0.30, 0.03}
The change in Z is significant: Sandage and Eggen (1969) have
discussed this, giving tentatively:
1 . 7 0 ,  , ^  . 0.2 8A“ X (Z + 0.012) (A is the age)
for evolved stars of given (M, ,, log T ). The difference inbol e
the Iben and ADM ages is therefore not directly due to the change
in Z. No correction was made to the ages in table VII-1 for
composition. However, it is worth noting that the correction
to 31 Aql is in the sense of making it older, if its helium
abundance (chap. VI) is normal, by 25 per cent giving A jBEN =
9 912.9 x 10 y r ., A = 10.0 x 10 y r . Similarly, the age ofADM
HR 3018 is reduced by about 21 per cent. The corrections to the 
other stars are smaller.
Accurate masses for subgiants can be obtained by comparison 
with evolutionary tracks. This was done using the tracks of 
Demarque and Larson (1964) . These are similar to those of ADM 
(1969) (same composition, and with ratio of scale height to 
mixing length 1/H = 1.6) except that they are based on the older
opacities of Keller and Meyerott (1955) instead of those of Cox 
(1965) . The earlier tracks have the advantage of being
®tabulated for more masses, viz. 0.80, 0.90, 0.95, 1.00, 1.03 M .
®In the addition the Hallgren and Demarque (1966) 1.2 M track
was used to avoid the need for large extrapolation in the cases 
of a few stars. The effective temperatures along this track 
were all increased by Alog T^ = +0.009 to bring it into register 
with the Demarque-Larson ZAMS. The Demarque and Larson tracks
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however, were not shifted to originate from the ZAMS used by
Sandage and Eggen (1969) . This retains the sun (M, , = 4.72,bo 1
log T = 3.763) at 1.00 .e
The mass determinations were generally accurate to three
per cent or often better, provided systematic errors in the
tracks are absent. Table VI-3 gives the evolutionary masses,
©which are mostly within 0.1 M of a solar mass.
Kinematics; the data.
The (U ,V ,W ) velocity components in table I -8 were all
taken from Eggen (1964) except those for 6 Eri (from Eggen
(1966)). U is orientated away from the Galactic centre, V is in
the rotation direction, and W is towards the north Galactic pole.
They are expressed relative to the solar motion.
These velocities were all reduced so as to be relative to
the local standard of rest (LSR), by adopting a solar velocity
relative to this standard of (U,V,W)® = (-10, +15, +7) km/sec.L S R
The following three orbital parameters were now derived;
1) orbital eccentricity within the Galactic plane
2) angular momentum about the Galactic rotation axis 
per unit mass
3) maximum height reached above the Galactic plane
1) The eccentricities were computed using the method
of Eggen, Lynden-Bell and Sandage (ELS) (1962) for
a time-independent potential. The same constants
©as given there were used here, including R = 1 0  kpc, 
circular velocity of LSR in an inertial frame =
2 50 km/se c .
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2) The angular momentum per unit mass h is
conveniently expressed in units of 10 k p c .
km/sec, and its numerical value is then
equal to (250 + V ) km/sec.LS R
3) ELS (1962) (their fig. 5) have given a
calibration between Z (maximum heightmax
reached above the Galactic plane) and |w |,L S R
which was used here to obtain Zmax
Table VII-2 gives the data on kinematics.
Correlations among the data and Galactic evolution.
The five following quantities have now been collected: a
set of abundances for various elements, ages, eccentricities, 
angular momenta and maximum heights reached above the Galactic 
plane.
In fig. VII-3 the eccentricity is plotted against the age 
for all the subgiants studied (x Ori , whose age is very 
uncertain, has been omitted). There is a clear tendency for 
the oldest stars to have the most eccentric orbits, though the 
scatter is considerable. The eccentricities derived here are 
probably at least an equally as good age indicator as the 
evolutionary ages themselves.
In fig. VII-4 angular momentum per unit mass is plotted 
against age (x"*" Ori omitted) . For all but two stars there is 
an excellent correlation. Two stars lie substantially off 
this relationship; they are 6 Eri with high angular momentum, 
and HR 1536 (n Cep group) with low angular momentum. Since h is
Fig VII-4
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conserved in an evolving Galaxy, this diagram also shows that, 
on average, the angular momentum of stars being formed rose by 
about 70 kpc . km/sec every lcf° yr . for ages in the range being 
studied.
Two selection effects are present in this diagram. Firstly, 
stars with orbits entirely within or without the solar orbit 
are excluded. According to ELS (1962) , stars with circular 
orbits near the Galactic centre are young. In this case they 
would occupy the lower right part of the diagram. Secondly, of 
those stars which can pass through the solar neighbourhood, the 
selection is against the fastest moving ones. In spite of this 
effect, it does appear that old high-h stars are rare. The 
same conclusion was reached by ELS (1962 ) , if UV-excess can be 
taken as a measure of age, which in turn depends upon the 
existence of an age-abundance relation. Sandage (1969) has 
shown that a few metal-poor high-h stars exist, and since they 
are subdwarfs, they are also probably old. However, it is not 
clear whether as many exist as the collapse theory would permit 
and seem to require.
The foundation of the collapse theory (ELS, 1962) is the 
existence of an age-abundance relation of some form with stars 
as the most important sites for element synthesis. The existence 
of such a relation has not been universally accepted. Unsöld 
(1969) has argued that stellar nucleosynthesis is not an 
important source of heavy elements in the Galaxy; that the 
Galaxy did not undergo a rapid collapse; and that the metal-
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poor halo stars were ejected by a violent explosion at the 
Galactic centre. The most convincing observational evidence 
for this view is the apparent lack of old high angular momentum 
stars, which would mean, on the collapse theory, that the first 
stars to form did so selectively from the gas of lowest angular 
momentum. Although ELS consider this may be due to the low 
gas density of high-h gas (initially at a great distance from 
the Galactic centre), this argument is only valid if 
irregularities in the density of the collapsing gas are absent.
On the other hand, the existence of an age-abundance 
relation among old disk stars would weigh heavily against the 
Unsöld hypothesis. Previous attempts, such as that of Eggen 
and Sandage (1969), to find a significant relationship have 
conspicuously failed to invalidate this hypothesis. Eggen and 
Sandage found a considerable scatter in disk abundances when 
they were plotted against age, and all the metal-poor globular 
clusters were assigned the same age as the Galaxy. An earlier 
study by Eggen (1964) did however show that those G stars with 
the largest values of A(B-V) tended to be older than the 
average for all G stars, though the youngest late F and early 
G stars still showed a considerable spread in A(B-V) values.
Up till now, there have been very few stars with 
accurately known ages and abundances. The subgiants in the 
present study therefore provide useful data to re-examine the 
age-abundance relation, should one exist, for old disk stars.
Fig. VII-5 shows [Fe/H] plotted against age. There appears to
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be a clear correlation between abundance and age, with this
proviso: that some metal-rich stars, especially 31 A q l , lie
significantly off the mean relationship. If the adopted
temperature for this star were cooler, then it would become
older though less metal-rich, and still therefore lie off the
mean relationship. HR 3018 appears to be deficient for its
age, though [Fe/H] on the collapse theory rises very rapidly
during the collapse phase, so only a small age increase might
place it on the mean line.
The conclusions from fig. VII-5 are:
9 91) For ages 11 x 10 >A> 3 x 10 y r ., the mean slope is
d( [Fe/H] )/dt = 7.8 x 10 ^^ yr  ^
with an uncertainty of about ±2.0 x 10 ^^ yr  ^.
2) Some very metal-rich stars do not fit in with this 
gradual enrichment picture, and a different origin for 
their high abundances may have to be sought.
3) The clusters NGC 188 and M 67, with ages of respectively
98.6 and 5.5 x 10 y r . (Sandage and Eggen, 1969) should have 
respective [ Fe/H] values of -0.31 and -0.06 if they lie 
on the mean relationship. These abundances are not in 
contradiction to 6(U-B) = +0.05 (Eggen and Sandage,l o o
1969) and 6(u-B) _ _ = +0.03 (Eggen and Sandage, 1964)M6 /
94) There exist stars in the Galaxy as old as (11±1) x 10 y r . , 
where the error bars correspond only to the difference
between the Iben and ADM ages. The inverse to this time
181
corresponds to a Hubble constant of H<=90±9 km/sec/Mpc, 
which is an upper limit in good agreement with 
observation.
5) Since the quantity of iron in the Galaxy increased at 
least three-fold since the beginning of the old disk 
epoch until the time of the sun's formation/ no more 
than one third of the iron in the solar atmosphere was 
created during the immediately preceding rapid collapse 
phase .
6) Considering the low accuracy of iron abundances derived 
from UV-excesses (6(U-B)), the work of Eggen (1964) and 
Dixon (1966) is not in disagreement with result (1) 
above. However, with much more accurate ages and more 
accurate abundances, a more positive statement on the 
age-abundance relationship is now possible.
Uns ÖId 's e jection hypothesis.
The data which lead Unsöld (1969) to his halo ejection
hypothesis will now be briefly reviewed. These included:
1) Apart from a few clearly abnormal stars, all stars have 
[M/Fe]-0.0, for all iron abundances, within the errors 
of measurement, and for all elements from carbon to 
barium.
2) The mean abundance of heavy elements in the disk have 
not changed with time.
3) The eccentricity of disk stars' orbits is not a function
Fig VII-6
iron abundance versus eccentricity
0 0.2 0.4 0.6 e
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of their age, (implicit in Unsöld's argument).
4) The age of the universe does not exceed the age of any
heavy elements anywhere, and that some heavy elements
9are known with ages of about 7 x 10 y r . (uranium in 
meteors).
5) All stellar abundances in the disk are the same to 
within at most 50 per cent.
6) At least 99 per cent of the heavy-element content of 
the Galaxy (not He) was produced in the collapse 
phase, if the Galaxy is supposed to have collapsed.
The present thesis would appear to render all the above 
statements untenable and hence, even though no data is 
presented here which is incompatible with the ejection 
hypothesis for halo stars, a majority of the premisses which 
might have lead one to this hypothesis are invalid.
Further correlations among the data.
In fig. VII-6 [Fe/H] is plotted against eccentricity for 
all nineteen stars studied, and also the sun. As expected 
(from fig. VII-3 and 5), low abundance stars tend to have high 
eccentricities. However, very metal-rich stars like 31 Aql and 
HR 1536 do not follow this trend. The scatter is however 
rather less than in either figs. VII-3 or 5, which suggests 
that of the three quantities [Fe /h ], eccentricity and age the 
determination of the last is the principal cause for that part
of the scatter due to random errors. A substantial amount of
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scatter in fig. V11-6 may also be due to real fluctuations.
Note that HR 3018 lies on the mean abundance-eccentricity 
relation, though it appears too young for its abundance in 
fig . V11-5.
In fig. VII-7 [Fe/H] is plotted against maximum height
reached above the Galactic plane. A similar diagram was also
constructed by Wallerstein (1962), and the plot of 6 (U-B)
against Z has been discussed by ELS (1962) and by Sandage max
(1969) . The earlier workers found that normal abundance stars 
are restricted to the plane, whereas metal-poor ones may reach 
any height up to a limit which increases as the abundance is 
reduced. Wallerstein's envelope is given in fig. VII-7. The 
present results are in satisfactory agreement with the earlier 
work, though 31 Aql appears slightly (by a factor of two) 
overabundant for a star which never rises more than 200 parsecs 
above the Galactic plane.
If Wallerstein 1s (1962) envelope is used in conjunction
with the result of fig. VII-5 that by the end of the rapid
collapse phase, [Fe/H] in the interstellar medium was -0.5 or
9less (only less if the Galaxy is older than 11 x 10 y r .), then 
it follows that the half-width of the Galaxy in the Z direction 
was at least about 1.4 kpc by the end of the rapid collapse. 
This was followed by a slow collapse from at least 1.4 kpc to 
0.4 kpc during some or ail of the next 10^° y r . (the slow 
collapse lasted at least half this period, according to fig. 
VII-5) . ELS (1962) have given 400 parsecs as the half-width
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9for star formation during the last 10 y r .
Furthermore, quantities such as orbital eccentricity are
adiabatic invariants (conserved only in a slow collapse) (ELS,
1962). Thus the present orbital eccentricities of the stars
observed were also their eccentricities when the stars were
formed. Referring back to fig. VII-3, it is concluded that the
mean eccentricity of the orbits of interstellar gas also
9decreased for about 6 x 10 y r . or more since the end of the 
rapid collapse. Since the eccentricity of the orbits of gas 
clouds can only be reduced by collisions between clouds, this 
result indicates that the Galactic gas did not settle into its 
equilibrium configuration for a long time, in agreement with the 
result of the previous paragraph. It may be significant that 
the rate of heavy element enrichment of the interstellar medium 
in the past has always been closely related to its degree of 
turbulence.
The rates of formation of different elements.
In chapter V the [M/Fe] vs. [Fe/H] diagrams were discussed,
and those for C, Ca, Ti and Mn were singled out for having
significantly non-zero slopes; Cr and Ni on the other hand had
zero slopes. The slopes for other elements were less well
determined. This can be interpreted in terms of different rates
of enrichment of the interstellar medium by some elements
relative to the rate for iron during the old disk epoch (the
9observations span a period lasting roughly 7 x 10 yr.). If 
this is so, then the mean rate of enrichment by an element M
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over this time is:
d[M/H]/dt = d [Fe/H]/dt (1 + d [M/Fe]/d [Fe/H])
The table below gives this quantity for some well determined 
cases .
e lernent d[M/Fe]/d [Fe/H] d [M/H)/d t (Yr ^)
c i o 2 . 3 X o 1 K-
*
Ca , Ti - 0 .3 5 . 5 X i o ' 11
Fe, C r , Ni Oo -j 00 X l o “ 11
Mn + 0 .8 i—i X i o ' 11
After the collapse, the carbon abundance (of elements
studied) changed the most slowly in the interstellar medium;
in other words it rose rapidly during the preceding collapse
phase. The above figures indicate that whereas about 32 per
cent of the iron, chromium or nickel in the solar atmosphere
was created during the collapse, 71 per cent of the carbon was
formed then and also 45 per cent of the calcium and titanium.
On the other hand, only 13 per cent of the solar manganese is
a collapse phase product. These figures are very rough, but the
qualitative picture appears, from the observations, to be
essentially correct. The percentages of the elements formed
during the rapid collapse are also upper limits in the event of
9the Galaxy being older than 11 x 10 y r . As pointed out in 
chapter V, the collapse phase supernovae must have ejected 
proportionately (relative to iron) more carbon, calcium and 
titanium, and less manganese, than they have done so since.
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Haas-Bottlinger diagrams.
Haas-Bottlinger diagrams (in the U,V velocity plane) have
been plotted in figs. VI1-8 for [Fe/H] and VII-9 for:
1[a/Fe] = - ([Ca/Fe] + [Ti/Fe] + [Mg/Fe]).
Unfortunately, the total number of stars considered is not
sufficient to draw any firm conclusions. However, Wallerstein's
(1962) statement that when the velocities become high stars
are always iron-deficient is incorrect, at least for 31 Aql and
HR 1536, though Sandage (1969) has shown it to be valid for the
great majority of the subdwarfs he studied. Stars like 31 Aql
are probably rare exceptions. Whether many low-velocity metal-
poor stars exist is much harder to determine because of
selection effects, though according to fig. VII-8, stars within
50 km/sec of the LSR (origin of diagram) can have less than half
the solar iron abundance. Wallerstein (1962) pointed out that
99 Her is three-fold deficient in iron, and with a total space
velocity of only 23 km/sec.
The variation of [a/Fe] in the velocity plane is also
obscured by lack of numbers, but Wallerstein1s (1962) conclusions
that a-rich stars always have V more negative than aboutLb K
-50 km/sec is also wrong. HR 2998 is a case in point (V =L» S R
-15 km/sec), and, if all the stars in the Wolf 630 group are 
also a-rich, then such stars would not be uncommon. In general, 
it seems safer to conclude that [a/Fe] follows a similar behaviour 
to [Fe/H] (with reversed sign) in the Haas-Bottlinger diagram.
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Old Disk Moving Groups.
Eggen (1971a, b, c) has given up-to-date lists of members 
of seven old disk moving groups with ages similar to M 67 or 
NGC 188, These are the Wolf 630, 61 C y g m , £ Herculis, o Puppis,
e Indi, n Cephei and Arcturus groups. All the members of each 
group have similar velocities in the (U,V) plane. The following 
six stars in this programme have been listed as group members 
by Eggen:
star group group parallax Jenkins
ß Hyi C Her 0 V 13 5 0 1 5  3
HR 1536 n Cep 0.025 0.033
HR 2998 Wolf 630 0.050 0.050
HR 3992 C Her 0.040 0.042
HR 4523 e I nd 0.100 0.092
HR 6516 C Her 0.041 0.050
Eggen (1964) has also included Ori in the young disk Sirius
group, and since this star is probably not a subgiant, there is 
no reason to doubt this classification.
Membership of groups is important for two reasons:
a) Group parallaxes (obtained by forcing the V velocity to a 
fixed group value) give an independent measure of the luminosity. 
This can be compared with the trigonometric value, and may 
strengthen the case for believing a star to be old.
b) Data on UV-excesses suggest that all members of the same 
group may have the same abundances. Detailed analyses can be
used to test this important hypothesis.
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The list above compares the group parallaxes from Eggen 
(1971a,b) with the trig, values from Jenkins (1952) . The 
agreement may be considered excellent and the evolved status of 
the stars confirmed. However, the fact that there is agreement 
is not chance, as there is a large selection effect making it 
much easier to identify group members whose velocities from the 
trig, parallax are already accurately known.
The discrepancy among the ages of the three £ Her group 
members may, on the other hand, be a cause for concern (.table 
VII-1). HR 6516 and ß Hyi are in fair agreement, but HR 3992 
appears too old, and it is possible that the correction for the
faint companion to the (R-I) index of oTo25 was insufficient.K
In this case it would become a little younger and a little less 
iron deficient.
Eggen (1971c) has listed previous abundance determinations 
of old disk giant group members. He did not consider these four 
subgiants; ß Hyi (£ Her group) (Rodgers and Bell, 1963); X Aur 
(e Ind group) (Wa11erstein, 1962); 6 Tri (£ Her group) (Wallerstein, 
1962) ; £ Her (Heifer et al. , 1963) . Cayrel de Strobel (1966) 
analysed HD 94264 in the Wolf 630 group, giving [Fe/H] = -0.15.
This compares with a value of -0.35 for HR 2998, a difference 
which may just be acceptable if both stars are group members with 
the same iron content.
The C Her group is now one of the most observed groups for 
abundance determinations, and the mean group 5(U-B) of 
+0.045 ±0.03 (Eggen, 1971c) is in good accord with [Fe/H] for 
ß Hyi (-0.31, this thesis), 6 Tri (-0.43, (Wa1lerstein, 1962))
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and HR 3992 (-0.41, this thesis). £ Her itself (Heifer et a l .,
1963) with [Fe/H] = +0.07 is either too rich, not a group 
member, or the effect of the KO V secondary on the analysis was 
not sufficiently corrected for. HR 6516 ([Fe/H] = +0.02) is
also discordant.
But the problems for the e Ind group are even worse, for 
A Aur has [Fe/H] = +0.22 (Wallerstein, 1962) in spite of a
UV-excess of +0.03 (the same as the mean group value), whereas 
HR 4523 is certainly iron deficient, by a factor of about three, 
and 6(U-B) = +0.08. If these stars are both members, then the
hypothesis that groups show chemical uniformity must fall.
The n Cep group has similar problems. The mean UV-excess
is +0.09±0.02 (Eggen, 1971c) while HD 168322 with [Fe/H] =-0.3
(Greenstein and Keenan, 1958) and HR 1536 with [Fe/H] =+0.13 
★are members . This last star has no UV-excess relative to the 
Hyades, so that the possibility of the analysis being 
substantially in error does not arise.
On the other hand, Eggen (1971c) after studying various 
photometric indices sensitive to metal abundance, did not reject 
the chemical uniformity principle. His evidence is more 
convincing than that presented here, because of the larger 
number of stars involved, and, if correct, it will be necessary 
to remove some stars from group membership.
* The HD number of the former of these stars was misprinted 
in the footnote to Eggen's (1971c) table V. It was not a 
known member of the n Cep group at the time Eggen wrote 
his (1971b) paper.
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Remaining problems.
Nearly all the conclusions in this chapter have been
hampered by lack of a large statistical sample. The main
conclusion, that an old disk age-abundance relation exists,
might still be invalidated or greatly modified by further
spectroscopic observations of old stars. In particular, the
spatial inhomogeneity might prove to be much larger during the
9first few times 10 years after the collapse than the present 
data would indicate.
Finally, the problem of metal-rich stars remains. 31 Aql,
20 LMi, t Boo, 3 Vir, HR 72 and possibly 6 Pav all have high 
abundances, all have been analysed by curve of growth methods, 
and practically all of them appear to be evolved. One might 
speculate that they exhibit a recent heavy element renewal by 
an unknown process, possibly at the time of core hydrogen 
exhaustion, as Feast (1966) has supposed for some lithium-rich 
subgiants; or that very large spatial abundance variations did 
exist even early on in the Galaxy's history; or that a nearby 
supernova exploded and deposited its products onto these stars, 
or into the local medium which later condensed, before being 
fully dispersed and mixed.
Although the photometric work of Spinrad and Taylor (1969) 
has been much criticised (e.g. Eggen (1971c); Strom et a1. (1971)),
the existence of at least a few very metal-rcih stars cannot be 
in doubt. And the data strongly suggest that some or even most 
of these do not represent the tail-end of the abundance 
distribution in young disk stars.
TABLES.
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TABLE 1-1
This table lists old subgiants mentioned in the literature 
and discussed in chapter I. Only those mentioned in these 
seven references have been included:
1. Eggen (1955)
2. Sandage (1958)
3. Oke (1959)
4. Wallerstein (1962)
5. Pagel (1963)
6. Eggen (1964)
7. Herbig and Wolff (1966)
The values of (B-V) and the spectral types are those appearing 
in the Bright Star Catalogue (Hoffleit, 1964), or from the 
above references. The absolute magnitudes and their uncertainties 
were computed from the trigonometric parallaxes given by 
Jenkins (1952). Three stars are visual binaries with both 
components of comparable magnitude. These are 104 Tau, 16 CygA,B 
and HR 6516. The My for these stars refers to the mean 
magnitude of one component. The remainder of the known visual 
binaries all have secondaries at least 3*0 mag fainter than 
their primaries, and no correction has been applied to My.
Those stars in this table with 0.50 ^ (B-V) ^ 1.00 have been 
plotted in the HR diagram in fig 1-1. This diagram should 
be interpreted with caution, as no blanketing corrections 
have been applied to the (B-V) indices.
1 9 7
Name HR HD S p. t y p e M y ( t r i g . ) (B-V) r e f e r e n c e s
ß  Cas 21 432 F2 IV 1 . 5 4 ± 0 . 2 1 0 . 3 5 2
(3 Hyi 98 2151 G2 IV 3 .7 1  0 . 1 0 0 . 6 2 1 , 2 , 3 , 5 , 7
'V' And 458 9826 F8 V 3 .0 4  0 .1 8 0 . 5 4 1 ,5
483 10307 G2 V 4 .6 1  0 .1 5 0 .6 3 6
$  T r l 660 13974 GO V 4 .6 4  0 . 1 2 0 .6 1 4
K F o r 695 14802 G1 V 4 . 4 2  0 .2 5 0 . 6 0 7
t  P e r 937 19373 GO V 3 .6 6  0 .1 3 0 . 6 0 2 , 3 , 4 , 5 , 7
16141 GO 4 .2 5  0 .7 5 0 .6 8 6
o< F o r 963 20010 F8 IV 3 .0 9  0 .1 9 0 .5 3 2
10 Tau 1101 22484 F8 V 2 .9 5  0 . 2 0 0 .5 7 7
S  E r i 1136 23249 KO IV 3 .7 4  0 . 0 8 0 . 9 2 1 , 2 , 3 , 5 , 7
104 Tau 1656 32923 G4 V 4 .5 3  0 .2 6 0 .6 4 3 ,6
X  Aur 1729 34411 GO V 3 .8 4  0 . 2 0 0 . 6 2 1 , 3 , 4 , 5
X  O ri 2047 39587 GO V 4 .4 3  0 .1 3 0 .5 9 6
41330 GO 4 .4 1  0 .3 3 0 . 6 0 6
\?2 CMa 2429 47205 K1 IV 2 .5 3  0 .2 9 1 .0 6 1 , 3 , 5
<* CMi 2943 61421 F5 IV 2 .6 4  0 . 0 3 0 . 4 0 2 ,7
13 Gem 299 0 62509 KO I I I 0 .9 9  0 . 1 2 1 .0 0 2
^  Cnc 3176 67228 G2 IV 2 .9 5  0 .3 3 0 .6 7 1 ,7
68017 GO 4 .9 9  0 .2 5 0 .6 7 6
O'2 UMa 3616 78154 F7 IV-V 3 .3 6  0 .2 6 0 . 4 8 1
16 UMa 3648 79028 dF9 3 .3 4  0 . 3 0 0 . 5 8 3
79096 G5 5 .4 7  0 . 1 8 0 .7 3 6
3881 84737 G1 V 4 .2 1  0 . 2 0 0 . 6 2 6
20 LMi 3951 86728 G4 V 3 .9 8  0 .2 5 0 .6 4 7
40 Leo 4054 89449 F6 IV 3 .2 8  0 .5 4 0 .4 4 7
47 UMa 4277 95128 GO V 4 .3 8  0 .2 1 0.61 7
/3  V i r 4540 102870 F8 V 3 .5 7  0 .1 1 0 . 5 5 2 , 3 , 4 , 5
4587 104304 dG7 5 .01  0 . 2 0 0 .7 8 7
114174 GO 4 .9 1  0 .3 1 0 .6 6 6
53 V l r 4981 114642 F6 IV 3 .8 8  0 . 3 0 0 . 4 7 7
70  V i r 5072 117176 G5 V 3 .0 4  0 . 3 2 0 .7 1 1 , 3 , 5
77 Boo 5185 120136 F7 V 3 .2 5  0 . 2 3 0 .4 8 1
~r } Boo 5235 121370 GO IV 2 .7 3  0 .1 1 0 . 5 8 1 , 2 , 5 , 7
1 V i r 5338 124850 F7 IV 2 .0 3  0 .4 5 0 . 5 2 7
CX Boo 5340 124897 K2 I I I p - 0 . 1 7  0 . 1 2 1 .2 3 2
® Boo 5404 126660 F7 V 3 .1 9  0 .1 9 0 . 5 0 2 ,5
$  V i r 5409 126868 G2 I I I 2 .9 7  0 . 3 0 0 . 7 0 1
5 S e r 5694 136202 F8 IV-V 2 .9 0  0 . 3 0 0 .5 4 1 ,5
4> Boo 5823 139641 G8 I I I - I V 1 .6 6  0 .8 4 0 . 8 8 7
oC S e r 5854 140573 K2 I I I 0 .9 6  0 . 2 8 1 .1 7 3
X  H e r 5914 142373 F9 V 3 .3 4  0 .1 9 0 .5 6 3 ,5
1 9 8
Marne HH HP Spo ty p e My ( t r i g . ) ( B-V) r e f e r e n c e s
y  S e r 5933 142860 F6 IV-V 3 .0 4  ± 0 . 2 2 0 .4 8 1 , 2 , 5
CrB 5968 143761 G2 V 3*52 0 .3 7 0 . 6 0 4
i  H e r 6212 150680 GO IV 3 »03 0 .0 8 0 . 6 4 1 , 2 , 5 , 7
157089 GO 4 .7 3 0 .3 7 0 . 6 0 4
152792 G0 4 .1 2 0 .61 0 .6 5 4
72 H er 6458 157214 G2 V 4 .5 8 0 .1 9 0 .6 2 4 ,6
6516 158614 G8 IV~V 4 .5 8 0 .1 7 0 .7 3 6
^  A ra 6585 160691 G5 V 4 .3 8 0 .2 1 0 .7 0 2
yU- H e r 6623 161797 G5 IV 3 .5 2 0 .1 2 0 .7 9 1 , 2 , 3 , 5 , 7
99 H er 6775 165908 F7 V 3 .8 6 0 .1 5 0 .5 2 4
31 Aql 7373 182572 G8 IV 4 .0 2 0 .1 8 0 .7 8 1 , 3 , 5
16 CygA,B 7503 186408 G2 V 4 .3 7 0 .3 2 0 .6 4 4
^3 Aql 7602 188512 G8 IV 2 .9 4 0 .1 2 0 .8 6 1 , 2 , 5 , 7
8 Pav 7665 190248 G8 V 4 .7 0 0 .0 9 0 .7 6 6
7670 190360 G6 IV 4 .01 0 .2 8 0 .7 4 3 ,5
7955 198084 F8 V 2 .6 3 0 .3 7 0 .5 7 1 ,5
t]  Oep 7957 198149 KO IV 2 .6 9 0 .1 2 0 . 9 2 1 , 2 , 5 , 7
\  And 8961 222107 G8 I I I - I V 2 .0 5 0 . 3 0 1 .0 2 3 ,5
L P sc 8969 222368 F7 V 3 .1 6 0 .2 4 0 .5 1 5
y  Cep 8974 222404 K1 IV 2 .2 5 0 .1 7 1 .0 3 1 , 3 , 5 , 7
225239 GO 3 .7 4 0 .3 9 0 .6 3 6
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TABLE 1-2
This table lists those stars which are candidates for being older than NGC 188. They
are taken from Eggen's (1964) tables I and IV on the basis of Eggen's My values. The 
parallaxes are from Jenkins (1952) and TT^S is the parallax required to place the 
star on the Hyades main sequence of Sandage and Eggen (1959)* In the case of known 
visual binaries, a correction has been made so that / places the brighter component 
on this main sequence. The absolute main sequence magnitudes were those corresponding 
to C=(B-V)corr tabulated by Eggen. All parallaxes are in milliseconds of arc.
HR HD TT(trig.) Il^ individual parallaxes
483 10307 86i6 109 81A(20),92M(6)
660 13974 90 5 122 62A(16),123M(10),94S(20)
1656 32923 56 5 81 55A( 20),57S(28)
1729 34411 66 6 114 62A(16),64M(7),70S(6)
2047 39587 101 6 129 96A(20),103M(10)
3018 63077 57 7 96 56Y(12),68C(6)
3750 81809 41 11 87 44Y(8)
3881 84737 66 6 126 62A(28)
4979 114613 47 7 124 75Y(10),18C(8)
5868 141004 91 5 120 81A(16),90M(6),103Y(12)
6516 158614 50 4 78 52A(20),30M(8),61Y(10)
6573 160269 64 4 89 46A(20),70M(7),78Yk(20), 52G(10),80S(4)
7373 182572 59 5 121 48A(28),74M(7),10lYk(3)
7665 190248 170 7 248 174Y(12),169C(7)
GCRV HD TT(trig.) individual parallaxes
24 225239 34±6 73 40A(16),36M(6),9W(6)
159 1388 34 8 49 56Y(10),1C(6)
208 1835 42 8 53 36M(6),46Y(8)
958 10519 28 6 39 39M(6),19Y(12),31C(7)
1281 14214 36 5 77 34A(16),19M(10),34Y(10)
1458 16141 30 10 52 3 2Y (10)
1481 16417 49 7 75 55Y(12),43C(6)
2745 29587 24 6 41 21A(20),22M(7)
3822 41330 46 7 62 43A(20)
4555 51219 26 4 41 31A(28),38M(8),31Y(10),-6V(10).
4630 52711 58 7 69 53A(16),60M(7)
4784 55575 37 6 74 40A(‘20),20M(8)
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Tab le  1- 2  ( c o n t i n u e d )
5315 65583 5 6 ±  5 57 42A(2 0 ) ,7 3 M (7 ) ,5 5 Y k (5 ) ,  
61 »V(8 )  ,66V(8)
5426 68017 43 K 57 41 A( 28) , 40M(7)
5577 71148 46 6 58 40A( 2 0 ) ,  5714(6)
6016 79096 62 5 73 65A(2 0 ) , 42M(8) ,71S( 6)
6429 88218 42 7 62 4 6Y(1 0) ,43 C( 8 )
7221 104 304 78 7 90 8 7M (6) ,8 7Y (10) ,5 8C (7 )
7316 106210 21 6 36 23A(16) ,2M(8)
7640 110619 32 8 44 39Y( 10 ) ,  290(7)
7882 115080 26 7 50 24Y(1 0 ) , 33C(8)
8036 117939 35 7 49 29Y (12) ,50 C( 8)
8877 136352 59 7 94 65 Y (10) ,5 8C (8)
9258 144515 24 6 45 26A (20) ,5M( 7) ,47 D(4 )
9353 146233 59 5 87 4 7 A ( 20) ,6 9M (8) ,7 1Y (12 ) ,
580(5)
9734 152792 29 8 42 26A(16)
10933 170357 16 7 25 13A(20)
11968 184499 34 6 46 27A(16) ,42M(8)
12398 189567 47 7 79 4 6 Y ( 1 2 ) , 540(81
13805 208776 22 6 38 25A( 1 6 ) ,  1 5Y( 1 2)
13810 208906 25 5 37 2 4 A ( 2 0 ) , l 5 M ( 7 ) , 2 6 Y k ( 7 ) ,
20W(7) ,34S(6)
14310 215696 20 12 45 22C(7)
14411 217014 73 6 94 69 A( 2 0 ) ,  731-1(8)
15011 224619 32 7 51 3 5 M ( 7 ) ,3 9 Y ( 8 ) , - 4 C ( 7 )
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TABLE 1-3
This table gives those stars in table 1-2 which are reliable cases of being apparently 
older than NGC 188. Generally several parallaxes in reasonable agreement from several 
observatories, and all significantly less than TT^g ia the condition for inclusion.
My and C=(B-V)corr are from Eggen (1964); in the case of visual binaries, My refers to 
the mean absolute magnitude of one component. 104 Tau (HD 32923, ADS 3701) has a Sproul 
parallax in agreement with Jenkins' (1952) value from Allegheny, and is included. ^  Pav 
(HR 7665) is omitted because van den Bergh and Sackmann (1965) and Rodgers (1969) have 
shown it to be on or near the Hyades main sequence.
HR RV C notes GCKV My C notes
483 4.6 0.67 1281 4.0 0.65
1656 4.5 0.68 ADS 3701 104 Tau
1458 4.3 0.725 79 Cet 
X 2 For1729 4.0 0.645 A  Aur 1481 4.2 0.675
2047 4.3 0.64 *!• Ori 2745 4.4 0.71
3018 4.4 0.695 54 26 5.0 0.755
3881 4.1 0.765 6429 4.1 0.66 HR 3992
4523 5.0 0.725 7221 4.8 0.70 HR 4587
5868 4.1 0.615 X Ser 7882 5.0 0.74
6516 4.7 0.72 ADS 10598 8877 4.5 0.74 Lup
7373 4.0 0.75 31 Aql 9353 4.3 0.68 18 Sco
12398 4.4 0.75 HR 7644
13805 4.2 0.62
14310 4.0 0.765
14411 4.8 0.71 51 Peg
2 0 2
TABLE 1-4
T h i s  t a b l e i s  s i m i l a r  t o t a b l e  1 - 2 , e x c e p t  t h a t  t h e s t a r s  a r e  c a n d i d a t e s  f o r  b e i n g
i n t e r m e d i a t e  i n  age b e t w e en  NGC 188 and M 6 7 .  Those s t a r s  i n  Eg gen *s ( 1 9 64 )  t a b l e  :
l i s t e d  a s h a v i n g  u n c e r t a i n  a b s o l u t e m a g n i t u d e s  have n o t  b ee n  c o n s i d e r e d .
HR HD T f t t r i g . ) ~ ^ I S i n d i v i d u a l  p a r a l l a x e s
98 2151 1 5 3 ± 7 291 146Y(1 0 ) , 1 68C(8)
244 5015 62 11 99 61 M( 8 )
937 19373 84 5 148 7 7 A ( 2 0 ) , 8 3 M ( 8 ) , 6 4 Y k ( 4 ) ,
120S(5)
963 20010 70  6 146 8 0 M ( 1 0 ) , 7 1 Y ( 1 2 ) , 5 4 C ( 7 )
1101 224?4 54 5 134 5 5 A (1 6 ) ,4 3 M ( 1 0 ) ,6 0 Y ( 8 )
2998 62644 50 8 157 5 5 Y ( 8 ) ,4 9 C ( 7 )
3176 67228 33 5 89 32A (28 ) ,2 5M (7)
3648 79028 43 6 82 6 0 M ( 8 ) , 3 5 W ( 6 ) ,3 3 G (1 0 )
3754 81858 28 10 61 30S (10 )
3771 82210 39 6 219 36A(28)
5072 117176 41 6 128 32A (28 ) ,4 5M (8)
5914 142373 56 5 119 5 5A (28 ) ,4 5M (10 )
5968 143761 42 7 85 45A(1 6 ) , 18M(6)
6623 161797 108 6 257 104A( 2 0 ) ,  108M(8)
6761 165499 46 9 76 49Y(12)
6775 165908 58 4 87 51 A( 2 8 ) , 34M(8) , 6 6 Y k ( 2 0 ) ,  
6 9 S (2 0 )
7597 188376 55 10 179 58 Y( 10)
8283 206301 29 7 93 2 8 M ( 7 ) , 3 8 Y ( 8 ) , 2 2 C ( 8 )
8515 211998 30 8 108 46Y(1 0 ) , 1 1G(6)
GCRV HD T 7 ~ ( - t r i g . ) T i i i s i n d i v i d u a l  p a r a l l a x e s
740 7727 3 1 ± 7 48 28Y(1 2 ) , 4 3 0 ( 6 )
1198 13403 21 7 50 18A ( 2 0 )
2828 30562 33 6 68 2 9 M ( 8 ) , 2 9 Y ( 1 0 ) , 4 8 C ( 7 )
3581 38529 29 6 92 27A(28)
6024 79028 43 6 87 6 0 U ( 8 ) ,3 5 W ( 6 ) , 3 3 G ( 1 0 )
6799 95241 20 7 62 16A(20)
8133 120066 25 5 50 2 4 A ( 2 0 ) , 3 9 M ( 7 ) , 6 Y ( 1 0 ) ,
26W(7)
8146 120237 30 7 44 50Y(1 2 ) , 4C( 7)
8365 125276 44 8 60 5 5 Y ( 1 0 ) ,3 5 C ( 7 )
9151 142267 35 7 71 21 A( 1 6 ) ,  59M(7)
9855 154417 46 8 57 34A(1 6 ) , 62Y(12)
11869 182807 27 7 53 25A(12 ) ,23M (7)
2 0 3
TABLE 1-5
T h is  t a b l e  g iv e s  t h o s e  s t a r s  i n  t a b l e  1-4 w hich  a r e  r e l i a b l e  c a s e s  o f  b e in g  
a p p a r e n t l y  i n t e r m e d i a t e  i n  age betw een  NGC 188 and M 67 . I t  i s  s i m i l a r  t o  
t a b l e  1 - 3 .  Known s p e c t r o s c o p i c  b i n a r i e s  i n  t a b l e  1 -4  have  been  o m i t t e d .
HR r,v C n o te s HR Mv C n o te s
98 3 .7 0 .6 6 5 f* Hyi 6623 3 .6 0 .7 3 Her
937 3 .6 0 .625 L P e r 6775 3 .8 0 .6 0 99 Her
963 3 .0 0 .6 0 °< F o r
1101 3 .8 0 .6 3 10 Tau GCRV My C n o t e s
2998 3 .6 0 .835 2828 3 .4 0 .6 3 HR 1536
3176 3 .5 0 .6 5 3581 3 .2 0 .78
3771 3 .0 0 .8 7 5 6024 3.9 0 .625 16 UMa
5072 3 .3 0 .7 4 70 V i r 8133 3 .8 0 .6 2 HR 5183
5914 3 .6 0 .64 X 1 H er 11869 3 .6 0.61
TABLE 1-6
T h is  t a b l e  g i v e s  t h o s e s t a r s  i n  t h e  B r ig h t  S t a r  C a ta lo g u e  ( H o f f l e i t , 1964) which
l i e  i n  t h e  s p e c t r a l  t y p e  ran g e F9 t o  G9 i n c l u s i v e , w hich  do n o t  a p p e a r  i n  e i t h e r
t a b l e s  I - 2  o r  1 -4 ,  and y o t  w h ich  a r e  c a n d i d a t e s  f o r  b e in g  o l d e r  t h a n M 67 . Only
s t a r s  o b s e r v a b le  a t  Mt. S t ro m lo  have been  c o n s i d e r e d .  The (B-V) i n d i c e s  have no t
been  c o r r e c t e d  f o r  l i n e b l a n k e t i n g  e f f e c t s  i n  t h e c a l c u l a t i o n  o f  TT^g. The f  ormat
i s  s i m i l a r  t o  t a b l e s  I - ■2 and I - 4 .
HR HD TT( t r i g . ) 7 7' ' ms i n d i v i d u a l  p a r a l l a x e s
72 1461 46 ±  9 56 6 4 Y (8 ) ,2 3 C (5 )
173 3795 36 7 68 4 3 Y (1 2 ) ,2 9 C (8 )
1024 21019 30 8 66 21M (8),37C (8)
1294 26491 30 7 53 46Y(1 2 ) ,8 C (6 )
1405 28255 35 11 58 37C(8)
1532 30495 66 7 79 71M (8),64Y (10)
1662 33021 33 4 54 22A(2 8 ) , 42M(8 ) , 4 4 Y (10)
40W(10)
2290 44594 34 1 2 50 36C(7)
2576 50806 35 8 76 36Y(1 0 ) ,4 1 C (7 )
3259 69830 75 5 87 60M (10),91Y (10) , 7 5 S (8)
81C(7)
4734 108309 36 6 62 21Y(8 ) , 50L (16) , 25C(7)
4864 111395 33 7 64 21A(16),50M (6)
4903 112164 38 11 67 40C(8)
7232 177565 56 7 69 60Y( 1 2 ) ,  57C( 8 )
8148 202940 49 6 60 41M (8), 56Y( 1 2 ) , 54C(7)
2 0 4
TABLE 1-7
T h i s  t a b l e  g i v e s  t h o s e  s t a r s  i n  t a b l e  1-6 which  a r e  
r e l i a b l e  c a s e s  o f  b e in g  a p p a r e n t l y  o l d e r  t h a n  M 67, 
p r o v i d e d  t h a t  (B-V) i s  a  r e l i a b l e  in d e x  o f  e f f e c t i v e  
t e m p e r a t u r e .  Both  s t a r s  a r e  p r o b a b l y  y o u n g e r  t h a n  
NG-C 1 8 8 .
HR My (B-V)
1024 3 .5 8  0 .7 0
2576 3 .7 4  0 .7 2
2 0 5
TABLE 1-8
T h i s  t a b l e  l i s t s  g e n e r a l  d a t a  on th e  p h o to m e try  and m o tio n s  o f  t h e  programme s t a r s .  Most o f  th e  
d a t a  i s  f rom  th e  c o m p i l a t i o n  o f  Eggen (1 9 6 4 ) ,  e x ce p t  t h a t  t h e  r a d i a l  v e l o c i t i e s  a r e  from W ilson 
(1953)  and t h e  p r o p e r  m o tio n s  from H o f f l e i t  ( 1 9 6 4 ) .  Any p h o to m e t r io  d a t a  n o t  l i s t e d  i n  E g g e n 's  
(1 9 6 4 )  p a p e r  i s  from Eggen ( p r i v a t e  c o m m u n ica t io n ) .  The UVW v e l o c i t i e s  f o r  $ E r i  a r e  f rom  Eggen 
( 1 9 6 6 ) .  U,V and W a r e  i n  km /sec and a r e  e x p r e s s e d  r e l a t i v e  t o  t h e  s o l a r  v e l o c i t y .
S t a r Ü V W
r a d .  
v e l . VE (B-V) (U-B) S(U-B)
sec  
X *  a rc S p . ty p e HD
(3 Hyi +51 -43 -29 +22 . 8 2.79 0 .6 2 0 . 1 0 +0.06 +2.223 +0 . 326 G2 IV 2151
X  F o r -17 -18 - 8 +4.0 5 .79 0 .6 5 +0.03 -O.O18 - 0 .2 6 4 dGl 16417
10 Tau +1 -14 -4 0 +27.9 4 .2 8 0 .5 8 0 .05 +0 .06 - 0 .2 3 4 -0 .4 7 9 F8 V 22484
£  E r i +13 +27 +13 - 6 .4 3.55 0 .9 2 0 .67 +0.01 - 0 . 0 9 2 +0.744 KO IV 23249
HR 1536 +52 -78 -19 +78.2 5 .76 0 .6 3 0 .1 7 0 . 0 0 +0.306 - 0 .2 3 9 dGO 30562
104 Tau +26 -25 +31 + 20.3 4 .9 0 0 .6 4 0.13 +0 .05 +0 .540 +0.017 G4 V 32923
X! Ori -14 +3 -9 - 1 3 .5 4.41 0 .5 9 0 .06 +0.06 -O .185 - 0 .0 8 7 GO V 39587
HR 2998 -38 -30 -36 +22.5 5 .05 0 .7 8 0 .3 2 +0.05 - 0 .0 7 2 - 0 .5 6 3 G5 IV 62644
HR 3018 +158 -56 +39 +101.5 5.36 0 .5 8 - 0 .0 4 +0.15 - 0 .2 9 3 +1.663 GO V 63077
HR 3992 +44 -48 - 18 +40.9 6 .1 3 0 .6 2 0 .03 +0 .05 - 0 .4 3 7 +0.001 dF9 88218
HR 4523 +62 -38 +4 + 1 5 .0 4 .9 0 0 .6 6 + 0 .08 - 1 .5 3 8 +0 . 393 G5 V 102365
HR 4587 -22 -17 -17 +0.4 5 .54 0 .7 5 5 0 .405 - 0 .0 5 +0.123 - 0 . 4 8 3 dG7 104304
Lup +132 -62 +44 -6 9 .1 5 .66 0 .6 4 0.06 + 0 .12 -1 .6 2 1 - 0 .2 7 5 G2 V 136352
X  S e r +49 -24 -4 0 - 6 6 .4 4 .43 0 .6 0 0.11 + 0 .02 - 0 .2 2 6 - 0 .0 7 2 GO V 141004
18 Sco -31 -18 -3 0 +10.6 5 .5 0 0 .6 5 0 .1 5 +0.04 +0.227 - 0 .5 0 8 dGl 146233
HR 6516 +63 -46 -22 - 7 7 . 0 5.31 0 .7 2 0 .2 8 0 .0 0 -0 .1 2 1 - 0 .1 7 3 dG6 158614
31 Aql +123 -24 -24 - 9 9 .8 5 .17 0 .7 8 0 .43 - 0 .0 3 +0.719 +0.636 G8 IV 182572
HR 7644 +86 -40 -61 - 1 4 . 0 6 .0 8 0 .6 4 0 .06 + 0 .12 +0.839 - 0 .6 8 4 G2 V 189567
51 Peg +14 -28 +15 - 3 1 .2 5 .5 0 0 .6 8 0 .2 0 +0.03 +0 .200 +0.059 dGO 217014
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TABLE I1-1
This table gives the (R-I) colour indices of the stars studied. 
Those listed with an index on the system of Kron et al. (1953) 
were kindly observed for this programme by Professor O.J.Eggen 
at Siding Spring Observatory between 1969 and 1971. Their indices 
on the system of Johnson (1964) were obtained using Eggen's (1971a) 
relation:
(R-I)j = f((R-I)K + °-°5)
The remainder of the stars have (R-I)j indices observed on the 
Johnson system and which are quoted from Johnson et al. (1966).
Star (e- ^ k (E-I)j
p Hyi 0.34
A2 For 0.215 0.331
10 Tau 0.32
8 Fri 0.50
HR 1536 0.21 0.^25
104 Tau 0.23 0.35
It Ori 0.31
HR 2998 0.32 0.463
HR 3018 0.24 0.363
HR 3992 0.25* 0.375
HR 4523 0.225 0.344
HR 4587 0.25 0.375
V2 Lup 0.275 0.406
A Ser » 0.32
18 Sco 0.215 0.331
HR 6516 0.235 0.356
31 Aql 0.21 0.325
HR 7644 0.215 0.331
51 Peg 0.34
* Eggen corrected the observed index of 0.275 by 0.025 to allow for 
the companion, which is 3.7 mag fainter than the primary and
assumed to lie on the main sequence.
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TABLE II-2
This table lists the plates used for this thesis. The second column is the Mount Stromlo 
coude^ number, and the third the date at the beginning of the night(s) during which the 
plate was exposed. The emulsions were either Kodak l03aF or Kodak IlaO (baked two days) 
except for 4545, which was IlaO unbaked. N is the number of lines used in the calibration 
between log(W/X) and central depth, and is also an indication of plate quality. Plates 
with N between 60 sind 80 were of excellent quality; between 40 and 60 of good quality; and 
between 20 and 40 of usable quality, though rather noisy due to underexposure. p*max is 
the maximum density above the fog level which occurs in the spectrum (density is defined 
as the fraction of light in a microphotometer beam not directly transmitted after being 
incident on the emulsion). All plates were developed for 7 min. in D19 at 20°C, sind 
calibrated (intensity-density) with calibration spectra exposed on the same plate, unless 
otherwise stated in the notes.
Star
Coud/ 
no. Date Emulsion Pmax N
exposure
time notes
p Hyi 4486 25 Nov 69 l03aF 0.82 70 Oh 17m dev. MWP2 for 7 min at 20°C
4541 23 Jan 70 l03aF 0.67 76 Oh 09 m
5074 16 Dec 70 IlaO 0.91 55 Oh 13m Overexposed
X2 For 4431 19 Aug 69 l03aF 0.60 66 4h 19m noisy plate (emulsion old)
4487 25&26 Nov 69 l03aF 0.42 54 3h 48m dev. MWP2 for 7 min at 20°C
4447 25 Sep 69 IlaO 0.73 50 2h 27m calibrated with plate 4448
10 Tau 4488 26 Nov 69 l03aF 0.54 52 Oh 30m dev. MWP2 for 7 min at 20°C
4542 23 Jan 70 l03aF 0.68 73 Oh 43m
4448 25 Sep 69 IlaO 0.73 34 Oh 4 Ora
^ Eri 5060 14 Mar 71 103aF 0.90 73 Oh 41m
5062 15 Mar 71 103aF 0.86 65 Oh 49m calibrated with plate 5060
5058 14 Mar 71 IlaO 0.76 43 Oh 23m
HR 1536 4489 26 Nov 69 103 slF 0.45 55 4h 36m dev. MWP2 for 7 min at 20°C
5075 16*17 Dec 70 l03aF 0.57 55 4h 19m
4547 24 Jan 70 IlaO 0.52 62 3b 15m calibrated with plate 4448
104 Tau 4543 23 Jan 70 103aF 0.73 66 2h 00m
5076 17*18 Dec 70 103aF 0.44 38 3h 04m
5614 13 Jan 71 IlaO 0.36 28 2h 1 2m
XL Ori 4569 17 Feb 70 103aF 0.77 72 1h 05m calibrated with plate 4570
5615 13 Jan 71 103aF 0.71 51 1h 21m
4568 17 Feb 70 IlaO 0.57 45 Oh 40m calibrated with plate 4448
HR 2998 4544 23 Jan 70 103aE 0.75 60 1h 04m
4570 17 Feb 70 l03aF 0.74 77 1h 22m
4545 23 Jan 70 IlaO 0.49 62 Oh 40m IlaO unbaked, dev. 16 min 
in D19 at 20°C
HR 3018 4546 23 Jan 70 103aF 0.58 49 1h 32m
4565 15 Feb 70 103aF 0.60 71 2h 46m
4548 24 Jan 70 IlaO 0.54 64 3h 1 5m calibrated with plate 4448
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Star
Coude
no. Date Emulsion f*max N
exposure
time
HR 3992 5005 10&11 Apr 71 l03aF 0.55 57 6h 43m
5061 14 Mar 71 l03aF 0.61 55 5h 10ra
4774 19&21 May 70 IlaO 0.73 80 5h 41m
HR 4523 4564 14 Feb 70 103aF 0.74 65 1h 34m
4572 17 Feb 70 103aF 0.61 72 1h 52m
4571 17 Feb 70 IIa6 0.53 55 Oh 47m
HR 4587 4828 23 Jun 70 103aF 0.78 80 2h 1 5m
5002 9 Apr 71 IlaO 0.59 38 1h 22m
Lup 5003 9 Apr 71 103aF 0.69 55 2h 44m
5004 9 Apr 71 l03aF 0.72 71 4h 1 2m
4567 16 Feb 70 IlaO 0.57 56 1h 46m
X Ser 4370 24 Jul 69 l03aF 0.74 73 1h 01m
4573 17 Feb 70 103aF 0.60 62 1h 35m
4630 24 Mar 70 IlaO 0.69 54 Oh 31m
18 Sco 4371 24 Jul 69 l03aF 0.68 62 2h 19m
4824 21&22 Jun 70 l03aF 0.61 58 3h 45m
4825 22 Jun 70 IlaO 0.71 62 1h 39m
HR 6516 4775 21 May 70 103aF 0.85 46 3h 1 2m
4826 22 Jun 70 103aF 0.79 56 2h 37m
4776 21 May 70 IlaO 0.69 39 1h 59m
31 Aql 4827 22 Jun 70 103aF 0.78 79 2h 42m
4830 23 Jun 70 l03aF 0.78 75 1h 54m
4453 30 Sep 69 IlaO 0.58 43 1h 56m
HR 7644 4372 24 Jul 69 103aF 0.57 58 2h 42m
4454 1&2 Oct 69 103aF 0.57 65 3h 46m
4446 25 Sep 69 IlaO 0.67 44 3h 46m
51 Peg 4373 24 Jul 69 103aF 0.71 60 2h 35m
4833 23 Jun 70 l03aF 0.65 74 3h 37m
4490 29 Nov 69 IlaO 0.38 34 2h 14m
notes
calibrated with plate 4448
calibrated with plate 4448 
only red plate for this star
calibrated with plate 4448
calibrated with plate 4448
calibrated with plate 4827 
calibrated with plate 4448
calibrated with plate 4448
calibrated with plate 4448
calibrated with plate 4448
dev. MWP2 for 7 min at 20°C
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TABLE II-3
This table lists details of the solar plates taken of the blue sky. The 
columns are similar to those of table II-2. The exposure times were about 
10 sec. for the blue plates and about 40 sec. for the red ones. The coude 
slit was 200m . x 18 mm, giving a spectrum about 2.6 mm wide.
No. Date Emulsion P1 max N
4 14 Jul 70 103 aF 0.76 61
10 14 Jul 70 103 aF 0.68 80
5 22 Jul 70 llaO(bkd.) 0.83 72
6 22 Jul 70 IIaO(bkd.) 0. 79 71
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TABLE II-4
This table gives the numbers of lines of the atoms, ions 
or molecule indicated which were considered in this work 
for the sun and the stars studied.
Spectrum Red lines Blue lines Total
Fe I 123 52 175
Fe II 8 9 17
Cr I 2 20 22
Cr II 0 7 7
Ti I 5 16 21
Ti II 0 9 9
Si I 14 0 14
Si II 1 0 1
Mg I 2 2 4
Ni I 27 12 39
Ca I 19 3 22
Na I 5 1 6
V I 6 0 6
Cu I 1 0 1
Mn I 3 8 11
Al I 2 0 2
Sr I 0 1 1
Zn I 0 2 2
Sc II 3 1 4
Ba II 1 1 2
Ce II 0 1 1
Y II 0 2 2
CH 0 6 6
Li I 1 0 1
Total 223 153 376
2 11
TABLE 11-5
o
This table gives the central wavelengths of the 50 A band
passes at which the scanner integrated. At the start of this
programme the Oke (1964) wavelengths were used, with the
o
addition of 5400 and 5714 A not used by Oke. Later, the Hayes 
(1970) values were adopted; these however correspond closely to 
the Oke values in most cases. The numbers assigned to these 
wavelengths have been used to identify them in table II-8.
Oke Hayes
1 3300 13 4785 1 3300 13 4566
2 3390 14 5000 2 3400 14 4785
3 3448 15 5263 3 3450 15 5000
4 3509 16 5400 4 3500 16 5263
5 3571 17 5556 5 3571 17 5556
6 3636 18 5714 6 3636 18 5840
7 3704 19 5840 7 3704 19 6056
8 4032 20 6055 8 3862 20 6436
9 4167 21 6370 9 4036 21 6790
10 4255 22 6800 10 4167 22 7100
11 4464 23 7100 11 4255 23 7550
12 4566 24 7530 12 4464
2 12
TABLS II-6
The table gives the number of photoelectric scans of programme and standard stars 
on various nights. Each scan comprises a single ten second integration at every 
wavelength.
Star 6 Aug '69 9 Aug '69 26 Nov '70 27 Nov '70
P Hyi 4 4
X2 For 4 4
10 Tau 4 4
HR 1536 6 6
104 Tau 6 6
X3 Ori 4 4
HR 2998 4 4
HR 3018 4 4
V 2 Lup 4 4
X  Ser 4 4
18 Sco 4 4
HR 6516 4 4
31 Aql 4 4
HR 7644 4 4
51 Peg 4 4
sky 2 2 2
Oph 4
29 Psc 6 4
¥ Cet 4 4 8 8
£ Aqr 4
2 1 3
TABLE I I -7
The t a b l e  g iv e s  d e t a i l s  o f  b la n k e t in g  by weak ( I ) ,  i n t e r m e d i a t e  ( I I ) ,  and s t r o n g  ( I I I )
o
l i n e s  i n  t h e  s o l a r  spec trum  a t  50 A bands c e n t r e d  on th e  s c a n n e r  w av e len g th s  of Oke
(1 9 6 4 ) .  Columns two t o  f i v e  have been d e r iv e d  from th e  d a t a  o f  Sm olinsk i  (1 9 6 9 ) ,  and 
column s i x  from t h a t  o f  Labs and Neckel (1 9 6 8 ) .  F o r \ > 6 0 0 0  A, th e  r a t i o  
h as  been t a k e n  as  3 /2  and has been s e t  t o  z e r o ,  w i th  7j|0( t o t a l )  ta k e n  from th e
Labs and Neckel d a ta  i n s t e a d  o f  th e  S m o lin sk i  d a t a ,  which i s  n o t  t a b u l a t e d .
o
(A)
3300
3390
3448
3509
3571
3636
3704
4032
4167
4255
4464
4566
4785
5000
5263
5400
5556
5714
5840
6055
6370
6800
7100
7530
*1°in 1 m
0.126 0.271 0 .0 3 2
0 .116 0 .196 0 .0 8 7
0.099 0 .152 0 .145
0.091 0.194 0.129
0 .094 0.169 0 .166
0 .083 0 .223 0 .098
0 .073 0 .137 0 .174
0.074 0 .119 0 .057
0.079 0 .140 0 .015
0.064 0 .158 0 .092
0 .067 0 .086 0 .0 0 0
0.046 0 .055 0 .006
0.037 0 .042 0 .0 0 0
0.038 0 .075 0.004
0 .032 0 .047 0 .027
0 .027 0 .026 0 .028
0.021 0.024 0 .010
0 .0 2 2 0.021 0 .0 0 0
0.013 0 .006 0 .0 0 0
0.007 0 .005 0 .0 0 0
0.008 0 .006 0 .0 0 0
0.004 0 .003 0 .0 0 0
0.014 0 .0 1 0 0 .0 0 0
0.008 0 .006 0 .0 0 0
o  ©
(S m o l in sk i )  "^(Laba, N ecke l)
0 . 4 2 9 0.425
0 . 3 9 9 0.483
0.396 0 .507
0 .414 0 .4 6 0
0.429 0 .488
0 .404 0 .396
0 .384 0 .488
0 .250 0.255
0 .234 0.215
0 .314 0 .262
0 .153 0 . 1 2 8
0 .107 0.098
0.079 0.078
0 .117 0.127
0 .016 0.115
0.081 0.088
0 .055 0.047
0 .043 0.044
0 .019 0.015
0 .012
0 .014
0 .007
0 .024
0 .014
TABLE I I - 8
T h i s  t a b l e  g i v e s  t h e  o b se rv ed  (m ^ y ^  ( o b s . ) )  and d e b la n k e t e d
( d e b l . ))  monochromatic  m a g n i tu d e s  of  t h o s e  s t a r s  s c an n e d .  
The u p p e r  f i g u r e  f o r  e ac h  s t a r  and w a v e le n g th  i s  t h e  o b se rv ed  
v a l u e ;  t h e  lo w e r  one h a s  been  d e b l a n k e t e d  u s i n g
ral / X  ( ° b s *) ~ ml / A  ( d e b l > ) = -  2 .5  l o g  (1 -  1 )
where  t h e  v a l u e s  o f  t h e  b l a n k e t i n g  c o e f f i c i e n t s , " ^ i / X  >
were  computed by t h e  method g iv e n  i n  c h a p t e r  I I .  The o b se rv e d
m a g n i tu d e s  have  been  e x p r e s s e d  r e l a t i v e  t o  t h e  m agn i tude  a t  
o
5556 A u s i n g
/ \  ( o b s . )  = - 2 . 5  l o g  ^
1 / A  F( 1 .8 0 0 )
w i t h  t h e  f l u x e s  F ^yy  b a se d  on t h e  Hayes (1970)  c a l i b r a t i o n
o f  - L y r a e . Each v a lu e  i s  t h e  mean of  a l l  t h e  s c a n s  l i s t e d
i n  t a b l e  I I - 6 .  The s t a r s  on t h e  f i r s t  page were o b se rv e d  a t
w a v e l e n g th s  g iv e n  by Oke ( 1 9 6 4 ) ,  and t h o s e  on t h e  second
page a t  t h e  Hayes (1970)  w a v e l e n g t h s ,  ( s e e  t a b l e  I I - 5 ) .
The b l a n k e t i n g  c o r r e c t i o n s  were o n ly  computed a t  t h e  Oke
w a v e l e n g t h s .  S in c e  t h e  Hayes w a v e le n g th s  numbered 8 and 20
have  no Oke e q u i v a l e n t s ,  no c o r r e c t i o n s  c o u ld  be a p p l i e d .
o
However,  t h e  m a g n i tu d e s  a t  t h e  f o r m e r  o f  t h e s e  (3862 A) a r e
p r o b a b l y  a l l  t o o  b r i g h t  due t o  a  s y s t e m a t i c  e r r o r  ( s e e  c h a p t e r  I I )
o
and t h e  b l a n k e t i n g  c o r r e c t i o n s  f o r  t h e  l a t t e r  (6436 A) a r e  
p r o b a b l y  o n ly  a b o u t  0?01 f o r  most o f  t h e  s t a r s .  The r e m a in d e r  
o f  t h e  Hayes w a v e le n g th s  c o r r e s p o n d  more o r  l e s s  c l o s e l y  t o  
Oke v a l u e s  f o r  t h e  b l a n k e t i n g  c o r r e c t i o n s  a t  t h e  Oke 
w a v e l e n g th s  t o  be a p p l i e d .
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1/ X P  H y i X2 F o r V 2  Lup X  S e r 18  S co HR 6 5 1 6 31 A ql HR 7 6 4 4 51 P e g
1 3 . 0 3 0 2 . 1 3 2 1 . 9 3 8 1 . 8 1 5 1 . 7 2 7 1 . 7 8 5 1 . 9 5 4 2 . 2 2 3 1 . 9 7 3 1 . 9 4 4
1 . 5 4 8 1 . 2 0 8 1 . 2 8 2 1 . 1 3 2 1 .0 8 1 1 . 1 6 3 1 . 2 3 8 1 . 3 4 2 1 . 3 1 8
2 2 . 9 5 0 2 . 0 7 6
1 . 5 4 5
1 . 8 9 8
1 . 2 3 9
1 . 7 4 8
1 . 2 6 2
1 . 6 7 5  
1 . 1 3 4
1 . 7 6 7
1 .1 3 1
1 .9 5 1  
1 . 2 3 9
2 . 1 8 5
1 . 3 0 9
1 . 9 0 0  
1 . 3 2 8
1 . 9 2 3
1 . 3 5 4
3 2 . 9 0 0
2 . 0 0 6
1 . 4 7 9
1 . 8 7 7
1 . 2 3 3
1 . 6 8 8
1 . 2 0 3
1 . 6 4 5  
1 . 1 0 9
1 . 7 5 5
1 .1 3 1
1 . 9 4 5
1 . 2 5 3
2 . 2 0 5
1 . 3 6 7
1 . 8 6 5  
1 . 3 0 0
1 . 9 0 9
1 . 3 4 7
4 2 . 8 5 0 1 . 9 0 8
1 . 3 4 8
1 . 7 7 4
1 . 0 9 5
1 . 5 9 0  
1 . 0 7 3
1 . 5 5 3
0 . 9 8 4
1 . 6 6 3
1 . 0 0 5
1 .8 2 1  
1 . 0 9 4
2 . 0 8 9  
1 . 2 1 5
1 . 7 5 2
1 . 1 5 3
1 .8 2 1
1 . 2 2 6
5 2 . 8 0 0 1 . 8 5 9  
1 . 2 7 2
1 . 7 5 9
1 . 0 4 5
1 .5 6 1  
1 . 0 2 0
1 . 5 3 6
0 . 9 4 0
1 . 6 4 0  
0 . 9 4 9
1 . 8 6 2  
1 . 0 9 7
2 . 1 4 5
1 .2 2 1
1 . 7 1 3  
1 . 0 8 5
1 . 7 9 7
1 . 1 7 3
6 2 . 7 5 0 1 . 7 3 8  
1 . 1 9 5
1 . 6 2 4
0 . 9 7 0
1 . 4 6 8
0 . 9 6 6
1 . 4 2 6  
0 . 8 7 5
1 . 5 1 5
0 . 8 8 1
1 . 6 6 6
0 . 9 6 8
1 . 8 4 5  
1 . 0 1 3
1 . 5 9 7  
1 . 0 1 8
1 . 6 2 5  
1 . 0 4 9
7 2 . 7 0 0 1 . 5 9 2  
1 . 0 8 3
1 . 4 7 4
0 . 8 6 7
1 . 3 8 2  
0 . 9 1 0
1 .3 2 1
0 . 8 0 5
1 . 4 0 6
0 . 8 1 5
1 . 5 4 9
0 . 9 0 2
1 . 7 0 9
0 . 9 4 6
1 . 4 8 2
0 . 9 4 1
1 . 4 9 4
0 . 9 5 6
8 2 . 4 8 0 0 . 8 5 8
0 . 5 5 7
0 . 8 0 9
0 . 4 4 4
0 . 7 6 2
0 . 4 8 4
0 . 6 6 9
0 . 3 6 3
0 . 7 5 0
0 . 3 9 6
0 . 8 7 0
0 . 4 8 0
0 . 9 6 4
0 . 5 0 0
0 . 8 1 0
0 . 4 8 8
0 . 8 1 7
0 . 4 9 7
9 2 . 4 0 0
0 . 7 5 8
0 . 4 7 9
0 . 7 2 0
0 . 3 7 9
0 . 6 9 3
0 . 4 3 7
0 . 5 9 3
0 . 3 1 0
0 . 6 6 5
0 . 3 3 5
0 . 7 9 6
0 . 4 3 0
0 . 9 3 5
0 . 4 9 6
0 . 7 1 5
0 . 4 1 6
0 . 7 4 1
0 . 4 4 4
10 2 . 3 5 0 0 . 7 3 3
0 . 3 3 7
0 . 6 8 8
0 . 2 1 8
0 . 6 8 5
0 . 3 1 6
0 . 5 7 7
0 . 1 7 5
0 . 6 4 9
0 . 1 9 1
0 . 7 7 2
0 . 2 7 3
0 . 8 2 4
0 . 2 4 0
0 . 7 1 2
0 . 2 9 1
0 . 7 0 7
0 . 2 8 9
11 2 . 2 4 0 0 . 4 9 3
0 . 3 2 0
0 . 4 5 1
0 . 2 3 6
0 . 4 2 5
0 . 2 6 7
0 . 3 6 4
0 . 1 8 8
0 . 4 0 0
0 . 1 9 2
0 . 4 7 2
0 . 2 4 0
0 . 5 0 5
0 . 2 2 3
0 . 4 5 0
0 . 2 6 3
0 . 4 2 9
0 . 2 4 3
12 2 . 1 9 0 0 . 3 9 3
0 . 2 7 5
0 . 3 5 1
0 . 2 0 5
0 . 3 3 8
0 . 2 3 0
0 . 2 8 7
0 . 1 6 7
0 . 2 9 7
0 . 1 5 6
0 . 3 5 6
0 . 1 9 9
0 . 3 8 9
0 . 2 0 0
0 . 3 4 3
0 . 2 1 6
0 . 3 3 8
0 . 2 1 2
13 2 . 0 9 0
0 . 2 4 7
0 . 1 6 1
0 . 2 2 6
0 . 1 1 9
0 . 2 1 7
0 . 1 3 9
0 . 1 8 4
0 . 0 9 7
0 . 1 8 5
0 . 0 8 2
0 . 2 3 2
0 . 1 1 7
0 . 2 3 5
0 . 0 9 6
0 . 2 2 0
0 . 1 2 7
0 . 2 1 6
0 . 1 2 4
14 2 . 0 0 0 0 . 2 1 8
0 . 0 8 7
0 . 2 2 5
0 . 0 6 9
0 . 1 8 8
0 . 0 6 7
0 . 1 8 6
0 . 0 5 3
0 . 1 9 5
0 . 0 4 3
0 . 2 3 3
0 . 0 6 4
0 . 2 4 6
0 . 0 5 0
0 . 2 0 0
0 . 0 6 1
0 . 2 0 7
0 . 0 6 9
15 1 . 9 0 0 0 . 1 3 9
0 . 0 2 1
0 . 1 5 3
0 . 0 1 3
0 . 1 2 7
0 . 0 1 8
0 . 1 2 5
0 . 0 0 6
0 . 1 3 3
- 0 . 0 0 3
0 . 1 4 8
- 0 . 0 0 1
0 . 1 4 8
- 0 . 0 2 6
0 . 1 2 6
0 . 0 0 1
0 . 1 3 6
0 . 0 1 2
16 1 . 8 5 2 0 . 0 6 9
- 0 . 0 2 0
0 . 0 8 0
- 0 . 0 2 6
0 . 0 6 4
- 0 . 0 1 8
0 . 0 6 4
- 0 . 0 2 6
0 . 0 7 1
- 0 . 0 3 2
0 . 0 8 3
- 0 . 0 3 0
0 . 0 7 6
- 0 . 0 5 7
0 . 0 6 7
- 0 . 0 2 7
0 . 0 7 1
- 0 . 0 2 3
17 1 . 8 0 0 0 .0 0 0
- 0 . 0 5 9
0 .0 0 0
- 0 . 0 7 2
0 .0 0 0
- 0 . 0 5 5
0 .0 0 0
- 0 . 0 6 0
0 .0 0 0
- 0 . 0 7 0
0 .0 0 0
- 0 . 0 7 7
0 .0 0 0
- 0 . 0 9 1
0 .0 0 0
- 0 . 0 6 3
0 .0 0 0
- 0 . 0 6 3
18 1 . 7 5 0 - 0 . 0 2 3
- 0 . 0 6 9
- 0 . 0 2 8
- 0 . 0 8 5
- 0 . 0 3 2
- 0 . 0 7 4
- 0 . 0 2 4
- 0 .0 7 1
- 0 . 0 3 4
- 0 . 0 8 9
- 0 . 0 4 3
- 0 . 1 0 5
- 0 . 0 4 8
- 0 . 1 2 3
- 0 . 0 1 7
- 0 . 0 6 6
- 0 . 0 2 0
- 0 . 0 6 9
19 1 . 7 1 2
- 0 . 0 6 0
- 0 . 0 8 0
- 0 . 0 6 6
- 0 . 0 9 2
- 0 . 0 6 2
- 0 . 0 8 0
- 0 . 0 6 0
- 0 . 0 8 0
- 0 . 0 7 0
- 0 . 0 9 5
- 0 . 0 8 4
- 0 . 1 1 2
- 0 . 0 9 8
- 0 . 1 3 3
- 0 . 0 5 5
- 0 . 0 7 7
- 0 . 0 7 2
- 0 . 0 9 4
20 1 . 6 5 2 - 0 . 0 9 4
- 0 . 1 0 7
- 0 . 1 0 4
- 0 . 1 2 0
- 0 . 1 0 0
- 0 . 1 1 1
- 0 . 0 9 2
- 0 . 1 1 5
- 0 . 1 0 0
- 0 . 1 1 5
- 0 . 1 2 5
- 0 . 1 4 2
- 0 . 1 3 6
- 0 . 1 5 7
- 0 . 0 8 7
- 0 . 1 0 1
- 0 . 0 9 6
- 0 . 1 1 0
21 1 . 5 7 0 - 0 . 1 4 1
- 0 . 1 5 6
- 0 . 1 3 5
- 0 . 1 5 4
- 0 . 1 6 2
- 0 . 1 7 5
- 0 . 1 3 9
- 0 . 1 5 4
- 0 . 1 4 1
- 0 . 1 5 9
- 0 . 1 7 9
- 0 . 1 9 9
- 0 . 1 8 3
- 0 . 2 0 7
- 0 . 1 2 3
- 0 . 1 3 9
- 0 . 1 5 1
- 0 . 1 6 7
22 1 .4 7 1 - 0 . 1 9 6
- 0 . 2 0 3
- 0 . 2 0 2
- 0 . 2 1 1
- 0 . 2 4 5
- 0 . 2 5 2
- 0 . 1 9 6
- 0 . 2 0 3
- 0 . 2 0 0
- 0 . 2 0 9
- 0 . 2 4 8
- 0 . 2 5 8
- 0 . 2 7 6
- 0 . 2 8 8
- 0 . 1 7 4
- 0 . 1 8 2
- 0 . 2 5 0
- 0 . 2 5 8
23 1 . 4 0 8
- 0 . 1 9 7
- 0 . 2 2 2
- 0 . 2 1 7
- 0 . 2 4 9
- 0 . 2 7 8
- 0 . 3 0 1
- 0 . 1 9 3
- 0 . 2 1 9
- 0 . 2 0 6
- 0 . 2 3 7
- 0 . 2 6 2
- 0 . 2 9 7
- 0 . 2 9 6
- 0 . 3 3 9
- 0 . 1 7 8
- 0 . 2 0 5
- 0 . 2 6 7
- 0 . 2 9 4
24 1 . 3 2 8 - 0 . 1 7 3
- 0 . 1 8 8
- 0 . 2 2 1
- 0 . 2 4 0
- 0 . 2 9 7
- 0 . 3 1 0
- 0 . 1 9 3
- 0 . 2 0 8
- 0 . 2 1 0
- 0 . 2 2 8
- 0 . 2 7 0
- 0 . 2 9 0
- 0 . 3 0 9
- 0 . 3 3 3
- 0 . 1 6 2
- 0 . 1 7 8
- 0 . 2 8 5
- 0 . 3 0 1
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1/ X 10 Tau HR 1536 104 Tau yl Ori HR 299 8 HR 3018
1 3.030 1.655
1.139
1.858 
1.106
1.743
1.052
1.539
0.971
2.205
1.210
1.532
1.179
2 2.941 1.606 
1.135
1.801 
1.123
1.673 
1.048
1.478
0 .960
2.161
1.277
1.483
1.158
3 2.898 1.633
1.162
1.858
1.196
1.703
1.089
1.541 
1.026
2.238
1.393
1.472
1.140
4 2.857 1.566 
1.064
1.776
1.079
1.623
0 .975
1.460 
0 .913
2.117
1.235
1.429 
1.072
5 2 .800 1.546 
1 .020
1.749 
1.017
1.626
0.946
1.467
0.894
2.170
1.239
1.413 
1 .040
6 2.750 1.392
0.903
1.547
0.877
1.436
0.811
1.345
0.814
1.852
1.013
1.303
0 .952
7 2.700 1.286
0.826
1.428
0.806
1.347
0 .765
1.220
0 .722
1.774
1.006
1.244
0 .910
8 2.589 1.088 1.370 1.287 1.047 1.876 0.965
9 2.477 0.649
0.379
0 .754
0 .380
0.733
0.385
0 .636
0 .342
1.058
0 .590
0 .680
0.489
10 2.400 0.571
0.323
0.656
0.306
0.645
0 .320
0 .548
0.276
0 .952
0.509
0 .592
0.419
11 2.350 0 .568
0.209
0.644
0.163
0.656
0.205
0 .5 6 0
0 .172
0.926
0.338
0.599
0.336
12 2.240 0.375
0 .223
0.418
0 .197
0.406
0.202
0 .352
0 .184
0.585
0.301
0.403
0.301
13 2.190 0.294
0.189
0.321
0.171
0.313
0.174
0 .267
0 .152
0 .467
0.277
0 .328
0.257
14 2.090 0 .188
0 .112
0.195
0 .085
0.196
0.095
0 .168
0.085
0.291
0.151
0.216
0.166
15 2.000 0 .188
0.071
0.207
0.047
0 .188
0.038
0.171
0 .043
0.286
0.088
0 .198
0 .114
16 1.900 0.114
0 .008
0.126
- 0 .017
0 .110
- 0.024
0.106
- 0.009
0.162
- 0.013
0.109
0 .032
17 1.800 0 .000
- 0.053
0 .0 0 0
- 0.074
0 .000
- 0.069
0 .0 0 0
- 0 .058
0 .000
- 0.091
0 .000
- 0.037
18 1.712 - 0.086
- 0.103
- 0.102
- 0.129
- 0.089
- 0.113
- 0.074
- 0.093
- 0.129
- 0.164
- 0.084
- 0.094
19 1.651 - 0 .1 2 0
- 0.131
- 0.123
- 0.139
- 0.119
- 0.134
- 0.099
- 0.111
- 0.189
- 0 .210
- 0.123
- 0 .130
20 1.553 - 0 .134
- 0.146 - 0.161 - 0.131 - 0.228 - 0.164
21 1.472 - 0.151
- 0.157
- 0 .182
- 0.191
- 0.213
- 0 .222
- 0 .170
- 0.177
- 0.283
- 0.295
- 0.192
- 0.196
22 1.408 - 0.173
- 0 .195
- 0.204
- 0.237
- 0.244
- 0.274
- 0.199
- 0.223
- 0.329
- 0 .372
- 0.243
- 0.257
23 1.324 - 0 .180
- 0.193
- 0.213
- 0 .232
- 0.258
- 0.276
- 0 .204
- 0.218
- 0 .355
- 0 .380
- 0.261
- 0.269
217
TABLE I1-9
This table lists details of the lines measured and of their equivalent
widths. Column one is the wavelength (X), four is the multiplet number
0from Moore (1959) and five is the value of log irj ^  derived from the values 
of the solar equivalent widths measured from the sky plates, and by 
interpolation in Wrubel's (1949) curve of growth. The sixth and 
following columns give the values of -log (W/\); for red lines this is 
the mean of two independent measurements in nearly every case. The 
third decimal figure in columns five to fifteen has no significance, 
except for the purposes of rounding off to two decimal places.
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TABLE II-1Q
This table lists details of the six molecular CH lines measured in the stars studied.
The first line lists the wavelength and the second line the lower rotational potential 
of the transition, as given by Pagel (1964). The third line gives the values of log 
obtained by interpolation in Wrubel's (1949) curve of growth. The remainder of the 
table lists values of -log(W/X). Whereas the solar measurements are the mean from 
two plates, the stellar ones are all single measurements. The third decimal place has 
no significance except for the purposes of rounding off. As discussed in the text, there 
may be a systematic error in the measurements for HR 2998 (lines weaker than given) and 
for the three bluest lines of 31 Aql (lines stronger than given).
Wavelength 4218.73 4224.86 4281.97 4313.63 4348.34 4378.26
X(eV) 0.39 0.34 0.81 0.02 0.09 0.44
l°gTjo0 0.628 0.876 0.648 0.839 0.244 0.460
Star
P Hyi 4.835 4.622 4.827 4.772 5.020 4.894
For 4.900 4.746 4.931 4.695 5.089 4.859
10 Tau 4.903 4.821 4.965 5.130 5.175 5.213
£ Eri 4.663 4.266 4.667 4.449 4.732 4.600
HR 1536 4.895 4.745 4.894 4.744 5.226 5.157
104 Tau 4.734 4.566 4.703 4.730 4.877 4.828
X! Ori 4.984 4.772 4.964 5.082 5.156 4.963
HR 299 8 4.633 4.529 4.545 4.518 4.832 4.586
HR 3018 4.889 4.937 4.936 4.930 5.398 5.108
HR 3992 4.816 4.659 4.814 4.825 5.016 4.896
HR 4523 4.603 4.557 4.598 4.569 4.860 4.767
HR 4587 4.789 4.639 4.663 4.503 4.898 4.636
V 2 Lup 4.632 4.565 4.701 4.669 5.070 4.742
X Ser 4.906 4.724 4.894 4.736 5.171 4.850
18 Sco 4.798 4.652 4.726 4.677 4.898 4.790
HR 6516 4.796 4.658 4.792 4.617 4.920 4.638
31 Aql 4.802 4.698 4.777 4.563 4.797 4.640
HR 7644 4.894 4.717 4.749 4.759 4.891 4.826
51 Peg 4.728 4.681 4.925 4.847 5.002 4.802
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TABLE III-1
This table lists details of the ten Fe I and ten Fe II lines whose equivalent widths 
were computed for each of the 132 model atmospheres considered in this thesis. The 
wavelengths, lower excitation potentials and multiplet numbers are from Moore (1959)» 
while the log gf values have been taken from Warner (1968) for Fe II lines and from 
Corliss and Warner (1964) for Fe I lines, after the removal of the normalisation 
function as suggested by Cowley and Warner (1967) for the high excitation lines.
Fe I
X X(eV) log gf multiplet
4602.01 1.60 -2.50 39
4733.60 1.48 -2.38 38
4735.85 4.06 0.10 1042
4788.76 3.22 -0.93 588
4841.80 4.17 -0.93 1070
6003.03 3.88 -0.42 959
6027.06 4.07 -0.23 1018
6200.32 2.61 —1.96 207
6229.23 2.84 -2.11 342
6265.14 2.18
Fe II
-2.00 62
X X(eV) log gf multiplet
4508.28 2.84 -1.72 38
4515.34 2.83 -1.82 37
4576.33 2.83 -2.39 38
4582.84 2.83 -2.43 37
4583.83 2.79 C\J•Tj* 38
6149.24 3.87 —1 «96 74
6238.38 3.87 • 00 O 74
6247.56 3.87 -1.55 74
6416.91 3.87 -2.06 74
6516.05 2.89 -2.59 40
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TABLE III-2
This table gives the value of
C «= -2.5 log1Q ( Pv ( X = 4798 A)/ P*(X -7954 A)) 
for each of the 132 model atmospheres computed. It equals the mean slope of the oontlnuum 
over the speotral region used for fitting stellar fluxes to the models. The letters NOR etc. 
refer to composition (chaps. Ill and VI). The table shows that the dependence of slope on 
the composition and gravities is not important when measuring stellar effective temperatures 
(which was in practice done graphically from plots of P^ vs. l/\without direct reference 
to the C index).
, ^ M  log g
0.80
1
0.82
2
0.84
3
0.86
4
0.88
5
0.90
6
0.92
7
0.94
8
0.96
9
0.98
10
1.00 
11
NOR 3.6 0.277 0.325 0.372 0.418 0.462 0.506 0.550 0.593 0.636 0.680 0.723
4.0 0.290 0.336 0.381 0.426 0.469 0.512 0.555 0.597 0.641 0.683 0.726
4.4 0.300 0.344 0.389 0.432 0.474 0.517 0.559 0.601 0.644 0.686 0.728
MEW 3.6 0.280 0.331 0.380 0.428 0.474 0.519 0.563 0.606 0.649 0.691 0.733
4.0 0.295 0.343 0.391 0.436 0.480 0.523 0.566 0.607 0.649 0.691 0.733
4.4 0.306 0.353 0.398 0.442 0.484 0.526 0.568 0.608 0.650 0.691 0.732
SMR 3.6 0.271 0.319 0.367 0.413 0.458 0.503 0.547 0.591 0.635 0.679 0.723
4.0 0.285 0.331 0.377 0.422 0.467 0.510 0.554 0.597 0.640 0.684 0.727
4.4 0.296 0.341 0.385 0.430 0.474 0.516 0.559 0.602 0.645 0.687 0.730
HER 3.2 0.254 0.303 0.350 0.397 0.442 0.486 0.531 0.575 0.618 0.662 0.705
3.6 0.268 0.315 0.361 0.406 0.451 0.494 0.538 0.581 0.624 0.667 0.709
4.0 0.280 0.326 0.370 0.414 0.458 0.501 0.544 0.586 0.628 0.671 0.713
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TA3IF XII-s
This table presents a comparison of the equivalent widths 
(expressed as log(W/X)) of ten Fe I and ten Fe II lines 
in the solar spectrum. The columns are
a) computed from the model adopted for the sun (model 3/C/N0R)
b) the mean value measured from two sky plates
the value given by Moore et al . (1966). This last
column is not strictly comparable with the other two
as it refers to the centre of the disk rather than
integrated. sunlight •
X Model Sky Moore
4502.01 Fe I -4.92 -4.92 -4.89
4733-60 Fe I -4.81 -4.70 -4.80
4735.85 Fe I -4.81 -4.92 -4.91
4788.76 Fe I “4.91 -4.91 -4.84
4841.80 Fe I -5.37 -5.34 -5.30
6003.03 Fe I -4.97 -4.94 -4.84
6027.06 Fe I -4.97 -5.12 -4.97
6200.32 Fe I -5.11 -4.95 -5.02
6229.23 Fe I -5.31 -5.53 -5.27
6265.14 Fe I -4.95 -4.98 -4.91
4508.28 Fe II -4.71 -4.81 -4.76
4515.34 Fe II -4.74 -4.71 -4.75
4576.33 Fe II -4.99 -4.99 -4.91
4582.84 Fe II -5.00 -5.07 -4.97
4583.83 Fe II -4.57 -4.53 -4.62
6149.24 Fe II -5.27 -5.51 -5.24
6238.33 Fe II -5.19 -5.27 -5.16
6247.56 Fe II -5.07 -5.27 -5.08
6416.91 Fe II -5.34 -5.47 -5.14
6516.05 Fe II -5.12 notmeasured -5.03
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TABLE IV -1
The t a b l e  g iv e s  th e  adopted  backwarming c o r r e c t io n s ^ ©  f o r  s t a r s  whose e f f e c t i v e  
model te m p e ra tu re s  a re  9 {J and r e a l  e f f e c t i v e  te m p e ra tu re s  = 0 ^  + ^ 0 ,  as 
o b ta in e d  from a)  continuum sca n s  and b) HO< p r o f i l e s  by com parison w i th  s o l a r  m eta l  
abundance m odels .  E f f e c t i v e  t e m p e ra tu re s  0 j  have a l s o  been o b ta in ed  from c) th e  
( R - I )  c o l o u r s ,  and th e s e  have been c o r r e c te d  f o r  d i f f e r e n t i a l  l i n e  b la n k e t in g  
b y A ( S 0 ) »  The p e n u l t im a te  column g iv e s  th e  mean d i f f e r e n t i a l  e f f e c t i v e  t e m p e ra tu re s ,  
a f t e r  t a k in g  i n t o  acco u n t  a c o r r e c t i o n  t o  t h e  Ho< te m p e ra tu re s  i n  t h e  ca se  of 
m e ta l -p o o r  s t a r s .
S t a r
Scanner
Ö R A ^ R
He* p r o f i l e
© M 0 R A 0 r © j
(R -I )
0 R A 0 r
mean
A Q r
P Hyi 0 .03 0 .88 0.91 +0.02 0.83 0.86 0 .0 0 0 .88 0 .88 +0.01 +0.01 ± 0 .0 1
X2 For 0.03 0.86 0.89 9.00 0.83 0.86 0 .0 0 0.87 0 .87 0 .0 0 0 .00 0.01
1 0 Tau 0.03 0 .8 2 0.85 -0 .0 4 0 .8 0 0 .83 -0 .0 3 0.86 0 .86 -0 .0 1 -0 .0 3 0.01
^ E r i 0 .03 1.03 1.03 +0.16 +0.16 0 .0 2
HR 1536 0.03 0.85 0 .88 -0 .01 0 .8 2 0 .85 -0 .01 0.87 0 .87 0 .0 0 -0 .01 0.01
104 Tau 0.03 0 .86 0.89 0 .0 0 0.84 0 .8 7 +0.01 0.89 0.89 +0.02 +0.01 0.01
X! Ori 0 .03 0 .82 0.85 -0 .0 4 0.81 0.84 -0 .0 2 0.85 0 .85 - 0 .0 2 -0 .0 3 0.01
HR 2998 0 .0 2 0 .96 0.98 +0.09 0 .87 0.89 +0.03 1.00 0.99 +0.12 +0.11 0.01
HR 3018 0 .02 0 .88 0 .9 0 +0.01 0 .8 2 0 .84 - 0 .0 ? 0.91 0 .9 0 +0.03 +0.02 0.01
HR 3992 0 .02 0 .85 0 .87 +0.01 0 .9 2 0.91 +0.04 +0.04 0 .02
HR 4523 0 .02 0 .85 0 .87 +0.01 0.94 0.93 +0.06 +0.06 0 .02
HR 4587 0.03 0 .87 0 .9 0 +0.04 0 .92 0 .92 +0.05 +0.05 0 .0 2
V2 Lup 0 .02 0 .9 0 0 .9 2 +0.03 0.85 0 .87 +0.01 0.95 0.94 +0.07 +0.05 0 .0 2
^  S e r 0 .03 0 .82 0 .85 -0 .0 4 0.81 0.84 -0 .0 2 0.86 0 .86 -0 .01 -0 .0 2 0.01
18 Sco 0.03 0.84 0 .87 - 0 .0 2 0.83 0 .86 0 .0 0 0 .8 7 0 .87 0 .0 0 -0 .01 0.01
HR 6516 0.03 0 .88 0.91 +0.02 0 .86 0 .89 +0.03 0 .9 0 0 .9 0 +0.03 +0.03 0.01
31 Aql 0.04 0 .88 0 .9 2 +0.03 0 .86 0 .9 0 +0.04 0 .87 0 .88 +0.01 +0.02 0.01
HR 7644 0.03 0 .86 0.89 0 .0 0 0.85 0 .88 +0.02 0 .8 7 0 .87 0 .0 0 +0.01 0.01
51 Peg 0.03 0 .8 8 0.91 +0.02 0 .83 0.86 0 .0 0 0.88 0.88 +0.01 +0.01 0.01
Sun 0.03 0 .86 0.89 0 .0 0 0 .83 0 .86 0 .0 0 0 .87 0 .87 0 .0 0 0 .0 0
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TABLE I V - 2
T h is  t a b l e  l i s t s  th e  d i f f e r e n t i a l  model te m p e ra tu re s  o b ta in e d  from  th e  Ho< wing 
p r o f i l e s  and from  th e  (R -I)  c o lo u r  i n d ic e s ,  u s in g  te m p e ra tu re  c a l i b r a t i o n s  a p p l ic a b le  
t o  s o l a r  abundance s t a r s .  The o b se rv ed  d i f f e r e n c e  betw een th e s e  tw o , D (A 0  , i s  
compared w ith  t h a t  p r e d ic te d  from  model a tm o sp h e re s . The p r e d ic te d  v a lu e  i s ,  e s s e n t i a l l y ,  
a  m easure of th e  abundance o f  m e ta ls  d o n a tin g  e le c t r o n s  (F e , S i ,  Mg), CMep <jon /H~ft 
though  th e  s e n s i t i v i t y  o f D ( A © ) p red  1:0 t h i s  abundance in c r e a s e s  f o r  c o o le r  
te m p e r a tu r e s .
S ta r A © m( r_i ) A 0 m( ho< ) U s LMe l . d o n / H l D ( A 0 )
/3 Hyi +0.01 0 .0 0 -0 .0 1 -0 .3 3 -0 .0 1 0
)>s F o r 0 .0 0 0 .0 0 0 .0 0 -0 .2 3 -0 .0 0 6
10 Tau -0 .0 1 -0 .0 3 -0 .0 2 -0 .1 2 -0 .0 0 3
HR 1536 0 .0 0 -0 .0 1 -0 .01 +0.27 +0.011
104 Tau +0.02 +0.01 -0 .01 -0 .1 7 -0 .0 0 6
Xl Ori -0 .0 2 -0 .0 2 0 .0 0 -0 .2 1 -0 .0 0 4
HR 2998 +0.13 +0.04 -0 .0 9 -0 .2 3 -0 .0 2 2
HR 3018 +0.04 -0 .0 1 -0 .0 5 -0 .6 3 -0 .0 2 8
HR 3992 +0.05 + 0.02 -0 .0 3 -0 .3 5 - 0 .018
HR 4523 +0.07 +0.02 -0 .0 5 -0 .4 0 -0 .0 2 4
HR 4587 +0.05 +0.04 -0 .0 1 +0.14 +0.007
^  Lup +0.08 +0.02 -0 .0 6 -0 .3 9 -0 .0 2 5
X  S er -0 .0 1 -0 .0 2 —0.01 +0.12 +0.004
18 Sco 0 .0 0 +0.02 +0.02 +0.08 +0.004
HR 6516 +0.03 +0.03 0 .0 0 +0.12 +0.006
31 Aql 0 .0 0 +0.03 +0.03 +0.49 +0.020
HR 7644 0 .0 0 +0 .02 +0.02 -0 .2 3 -0 .0 0 6
51 Peg +0.01 0 .0 0 -0 .0 1 0 .0 0 0 .0 0 0
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TABLE IV-3
o
This table gives the full widths (in A) across the Hc< profile for residual intensities 
of 0.80, 0.85 and 0.90 for each red plate. Using fig III-2, each measurement gives rise 
to an effective temperature, and the mean of these (generally six) values appears in 
table IV-1.
Star Plate 0.80 0.85 0.90 Plate 0.80 0.85 0.90
Hyi 4486 3.66 5.42 8.44 4541 3.69 5.56 8.77
For 4431 3.83 5.38 9.29 4487 2.98 4.96 7.94
10 Tau 4488 4.74 7.06 10.51 4542 4.38 6.56 11.33
HR 1536 4489 3.88 5.87 10.06 5075 3.92 6.23 8.77
104 Tau 4543 3.42 5.29 7.94 5076 2.90 4.44 7.20
Ori 4569 4.58 6.45 10.01 5615 4.22 6.48 9.98
HR 29 9 8 4544 2.67 3.91 6.09 4570 2.40 3.39 5.81
HR 3018 4546 3.88 5.64 8.84 4565 4.58 6.28 9.48
HR 3992 5005 3.33 5.06 7.94 5061 2.95 4.28 6.84
HR 4523 4564 3.25 4.52 6.34 4572 3.17 4.90 7.40
HR 4587 4828 2.53 3.69 6.28
\>2 Lup 5003 3.26 4.88 7.45 5004 2.87 4.47 7.36
X Ser 4370 4.16 6.06 9.59 4573 4.36 6.76 9.52
18 Sco 4371 3.28 5.81 9.01 4824 3.58 5.50 8.28
HR 6516 4775 2.64 4.35 7.08 4826 2.67 4.35 7.10
31 Aql 4827 2.56 3.79 6.82 4830 2.69 4.26 7.09
HR 7644 4372 3.06 4.57 6.67 4454 3.00 4.38 7.22
51 Peg 4373 3.53 5.34 8.84 4833 3.60 5.41 8.08
Sun no. 4 3.57 5.25 8.19 no. 10 3.80 5.42 7.98
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TABLE y-1
The Fe I lines were divided into fifteen groups for the determination of 
excitation temperatures. The table gives the mean lower excitation potential 
of all the lines in each group ( Y  )i and also the minimum and 
maximum potentials of lines in each group • All- potentials
are in eV, and taken from Moore (1959)*
Group ^rnean ^min ^ m a x no. lines
1 0.940 0.86 1 .01 6
2 2.215 2.18 2.28 13
3 2.428 2.40 2.45 10
4 2.594 2.56 2.69 10
5 2.787 2.73 2.86 9
6 3.410 3.37 3.43 4
7 3.656 3.60 3.69 8
8 3.921 3.88 3.98 9
9 4.098 4.07 4.14 5
10 4.234 4.19 4.39 8
11 4.285 4.26 4.30 6
12 4.551 4.55 4.56 9
13 4.625 4.61 4.65 13
14 4.765 4.73 4.83 11
15 5.005 4.99 5.02 2
2 4 3
TABLE V-2
T h is  t a b l e  g i v e s  v a r i o u s  a tm o s p h e r ic  p a r a m e te r s  d e r iv e d  from t h e  c u r v e s  o f  g ro w th .  
^  i s  t h e  m i c r o t u r b u l e n t  v e l o c i t y  from th e  Fe I  c u r v e .  The l a s t  f i v e  columns g iv e
v a r i o u s  e s t i m a t e s  o f  t h e  damping p a r a m e te r  l o g  a .  A lthough  t h e  a c c u r a c y  i s  g e n e r a l l y  
low ( a b o u t ± 0 . 2 ) ,  t h e  g e n e r a l  t r e n d  of ["aj<^0.0 i s  a p p a r e n t .  T h is  i s  e v id e n c e  f o r  r e -
duced c o l l i s i o n a l  damping, 
t h e  s u n .  lo g  a^= - 1 . 8  was
S t a r  A O 0x
due t o  
a p o p te d
a lo w e r  g as  p r e s s u r e  
when c o n s t r u c t i n g  t h e
^  (k m /s e c )  Fe I
(an d  hence  g r a v i t y )  th a n  
c u r v e s  of  g ro w th .
Na I  Mg I  Ti I I
i n
Ba I I
f  Hyi - 0 . 0 2 d r0 . 0 2 - 0 .3 3 1 .3 - 2 . 0
)? F o r - 0 .07 0 .0 3 - 0.19 1 .3 - 2 . 0 - 2.4 —2 . 4 —1 . 8 - 2 . 0
10 Tau - 0 .04 0 .0 3 - 0 . 1 4 1.1 - 2 .2 - 2 . 0 - 2 . 2 - 2 . 3
^  E r i +0.09 0 . 0 2 - 0 . 8 8 1.9 ( - 2 .0 ) - 2.3 - 2 . 3 - 2 . 2
HR 1536 - 0 .03 0 . 0 2 - 0 . 1 7 1 .3 - 2 .2 - 2 .2 - 2 . 2
104 Tau - 0 .0 2 0 . 0 2 - 0 . 2 5 0 . 7 —1 .8 - 2 . 0 - 2 . 2
Ti Ori - 0.06 0 . 0 2 + 0 .0 6 1 .3 — 1 .8 —1 .8 — 1.8
HR 2998 + 0 .0 4 0 . 0 2 - 0 .9 3 1 .3 - 2 .2 - 2 . 0
HR 3018 + 0.01 0 .0 3 - 0.49 1 .3 ( - 1 .6 )
HR 3992 - 0.01 0 .03 - 0 .6 5 1 .3 — 1.8 - 2 .2 - 2. 2
HR 4523 0 .0 0 0 .0 2 - 0 .3 9 1 .3 —1 . 8 • oo
HR 4587 + 0 . 0 2 0.01 - 0 . 1 2 1 .3 — 1.8 - 2 . 0 i • 00
V>2 Lup 0 .0 0 0.01 - 0 . 4 5 1.1 - 2 . 0 — 1.8 — 1.8 • CO
X  S e r - 0 .0 3 0 .03 - 0 . 0 7 1 .3 - 2 . 2 - 2 . 0 - 2 . 2  - 2 .2 - 2.1
18 Sco - 0.01 0 .0 2 - 0 . 0 5 1 .3 —1 . 8
HR 6516 0 . 0 0 0 . 0 2 - 0 . 0 2 1 .3 — 1 .8 — 1*9 - 2 . 2 - 2 . 0
31 Aql + 0.03 0 .0 2 +0 .08 1 .3 — 1.8 - 2 . 2 - 2 . 0 - 2 . 0
HR 7644 0 .0 0 0 .03 - 0 . 2 2 0 .9
CO•Tj-
51 Peg - 0.01 0 .03 - 0 . 0 8 1.1 — 1.8 ( - 2 . 0 ) — 1.8
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TABLE V-3
T h i s  t a b l e  g i v e s  t h e  ab u n d an ces  o f  a l l  t h e  e le m e n ts  s t u d i e d ,  e x c e p t  l i t h i u m  and c a rb o n .  
S j  and Sj j  a r e  cu rv e  o f  g ro w th  s h i f t s ,  CNj / h] and |Nj j / h ) a r e  t h e  ab u n d an ces  o f  t h e  
n e u t r a l  and s i n g l y  i o n i s e d  s p e c i e s  r e s p e c t i v e l y ,  and CN-t0-ta l //' -^! t o t a l  abundance
( f o r  b o th  i o n i s a t i o n  s t a t e s )  o f  an e le m e n t .  A ll  t h e s e  q u a n t i t i e s  a r e  e x p r e s s e d  a s  
l o g a r i t h m i c  d i f f e r e n c e s  w i t h  r e s p e c t  t o  t h e  su n .  The S i  ab u n d an ces  from  t h e  s i n g l e  
S i  I I  l i n e  m easured  r a r e l y  a g r e e d  w i th  t h e  w e l l  d e te rm in e d  a b u n d an ces  from  S i I  
l i n e s ,  and h en ce  t h e  r e s u l t s  f o r  i o n i s e d  s i l i c o n  were ig n o r e d  i n  t h e  s u b se q u e n t  
d i s c u s s i o n  i n  t h e  t e x t .
f >  Hyi
E lem ent SI » SI I [ » t o t a l . / a ] Elem ent SI » SI I 4D  [ » to ta l /? !
Fe I - 0 .2 2 - 0 .5 4 - 0 . 3 2 Fe I I +0.05 - 0 . 2 7 -0 .2 9
Cr I - 0 .1 6 - 0 .4 8 - 0 .2 3 Cr I I -0 .0 1 - 0 .3 2 - 0 .3 3
T i I - 0 .2 0 - 0 . 5 2 - 0 .2 7 T i I I + 0 .10 -0 .2 1 -0 .2 1
S i  I - 0 .1 5 -0 .4 6 - 0 .3 0 S i I I - 0 .2 0 -0 .5 1 - 0 .5 8
Mg I - 0 .2 9 - 0 .61 - 0 . 3 8 Ni I - 0 .2 0 -0 .5 1 - 0 .3 2
Ca I - 0 . 2 0 -0 .5 3 -0 .2 7 Na I - 0 .1 6 - 0 .4 8 -0 .2 1
V I - 0 .1 8 - 0 . 5 0 - 0 .2 5 Cu I - 0 .0 6 - 0 .3 7 - 0 .1 8
Mn I - 0 .2 4 - 0 .5 5 - 0 . 3 2 Al I - 0 .1 2 - 0 .4 3 - 0 .1 8
S r  I -0 .2 1 - 0 .5 3 - 0 .2 6 Zn I - 0 . 3 0 -0 .6 1 - 0 .5 3
Sc I I +0.14 - 0 . 1 7 - 0 .1 7 Ba I I +0.34 +0.02 +0.02
Ce I I +0.26 - 0 .0 5 - 0 .0 6 Y I I - 0 .2 3 - 0 .5 4 - 0 .5 4
X 2 F o r
Elem ent SI » SI I [ " t o t a l / * ! E lem ent SI » SI I [ /» ]  [ » t o t a l / « ]
Fe I -0 .1 9 -0 .3 8 -0 .2 1 Fe I I +0.04 - 0 .1 5 - 0 .1 7
Cr I - 0 .0 5 - 0 .2 4 - 0 .0 5 Cr I I
T i  I - 0 . 0 2 -0 .2 1 - 0 . 0 2 T i I I +0 .10 - 0 .0 9 - 0 .0 9
S i  I - 0 .1 7 - 0 .3 6 - 0 .2 3 S i I I
Mg I - 0 .2 5 - 0 .4 4 - 0 .2 6 Ni I - 0 . 2 2 -0 .4 1 - 0 .2 6
Ca I - 0 .1 4 - 0 .3 3 - 0 . 1 4 Na I +0.05 - 0 .1 4 +0.05
V I +0.19 0 .0 0 +0.19 Cu I +0.41 + 0 .22 +0.37
Mn I - 0 .2 6 - 0 .4 5 - 0 . 2 7 Al I - 0 .1 7 - 0 .3 6 - 0 .1 7
S r  I Zn I - 0 .0 3 - 0 .2 2 - 0 .1 5
Sc I I + 0 .52 +0.33 + 0 .33 Ba I I +0.36 +0.17 + 0 .17
Ce I I +0.24 +0.05 + 0 .05 Y I I + 0 .3 0 +0.11 +0.11
2 4 5
T able V-3 c o n tin u e d .
10 Tau
Element SI ’ SI I [ N i .n /H ] fNto t a I /»3 Element SI ’ SI I
Fe I -0 .2 9 -0 .51 -0 .1 4 Fe I I +0.18 -0 .0 4 -0 .0 7
Cr I - 0 .30 -0 .5 0 -0 .1 3 Cr I I -0 .0 9 -0 .3 0 -0 .31
Ti I I -0 .3 0 -0 .5 0 -0 .1 3 Ti I I +0.14 -0 .0 7 -0 .0 7
S i I -0 .1 4 -0 .3 5 -0 .0 5 Si I I
Mg I -0 .3 7 -0 .5 9 -0 .2 0 Ni I -0 .2 5 -0 .4 7 -0 .1 3
Ga I -0 .3 3 -0 .5 4 -0 .2C Na I -0 .1 4 -0 .3 5 -0 .0 3
V I -0 .2 7 -0 .4 9 -0 .1 2 Cu I -0 .4 3 -0 .6 5 -0 .3 2
Mn I -0 .2 9 -0 .51 -0 .1 3 Al I -0 .3 9 -0 .6 0 -0 .2 5
S r I Zn I -0 .0 5 -0 .2 8 -0 .0 8
Sc I I +0.23 +0.02 +0.02 Ba I I +0.43 +0.19 +0.19
Ce I I +0.08 -0 .1 6 -0 .1 7 Y I I +0.03 -0 .2 0 -0 .2 0
$ E ri
Element SI ’SI I O i . i i Ä l  Ö W i / k] Element SI . SI I [ ■ V i ^  f r t o t a l '* !
Fe I +0.71 +0.15 -0 .2 6 Fe I I +0.15 -0 .3 9 -0 .2 9
Cr I +0.87 +0.28 -0 .0 6 Cr I I +0.25 -0 .3 2 -0 .3 0
T i I +0.77 +0.18 -0 .1 4 T i I I +0.50 -0 .0 3 -0 .0 2
S i I +0.68 +0.13 -0 .1 4 S i I I +0.21 -0 .3 2 0 .00
Mg I +0.92 +0.37 -0 .0 7 Ni I +0.64 +0.13 -0 .21
Ca I +0.82 +0.21 -0 .0 8 Na I +1.01 +0.44 +0.38
V I +1.13 +0.55 +0. 22 Cu I +1.42 +0.89 +0.58
Mn I +0.85 +0.30 -0 .1 1 Al I +0 .82 +0.29 +0.05
S r I +0.54 -0 .0 4 -0 .0 8 Zn I -0 .1 5 -0 .6 4 -0 .7 7
Sc I I +0.49 -0 .0 6 -0 .0 6 Ba I I +0.32 -0 .2 0 -0 .2 0
Ce I I +0 .30 -0 .1 5 -0 .1 3 Y I I -0 .1 0 -0 .6 2 -0 .6 2
HR 1536
Element SI» SI I O l . I l ' * !  [ » to t a l '* ] Elem ent SI» SI I K , i [ '* ]  [ ^ t o t a l ' l l
Fe I +0.08 -0 .11 +0.13 Fe I I +0.34 +0.15 +0.13
Cr I +0.23 +0.05 +0.29 Cr I I +0.39 +0.20 +0.19
Ti I +0 .18 0 .0 0 +0.24 Ti I I +0.53 +0.34 +0.34
S i I +0.31 +0.13 +0.31 S i I I -0 .1 2 -0 .3 0 -0 .3 8
Mg I +0.32 +0.13 +0.38 Ni I +0.13 -0 .0 6 +0.15
Ca I +0.20 +0.02 +0.26 Na I +0.17 -0 .0 2 +0.21
V I +0.20 +0.01 +0.25 Cu I +0.27 +0.08 +0.28
Mn I +0.15 -0 .0 4 +0.20 Al I +0.25 +0.06 +0.30
S r I +0.34 +0.16 +0.39 Zn I
Sc I I +0.83 vO #64- +0.64 Ba I I +0.64 +0.45 +0.45
Ce I I +0.52 +0.34 +0.33 Y I I -0 .5 2 -0 .71 -0 .71
2 4 6
T a b le  V-3 c o n t i n u e d .
104 Tau
Elem ent SI»SII 0*1,11 ^  Olt o t a l /H] Element SI»Sn & i . i i A ["total'*!
Fe I - 0 . 0 3 - 0 . 3 6 - 0 .2 1 Fe II +0.17 - 0 .1 6 - 0 . 1 8
Cr I +0 .07 - 0 .2 6 - 0 . 0 9 Cr II +0.24 - 0 . 0 8 - 0 . 0 8
T i  I +0 .17 - 0 . 1 5 + 0 .0 2 Ti II +0.25 - 0 . 0 6 -0 .0 6
S i  I - 0 . 0 2 - 0 . 3 0 - 0 . 2 0 Si II
Mg I + 0 .0 2 - 0 . 2 7 - 0 . 1 2 Ni I -0 .0 1 - 0 . 3 4 - 0 . 2 2
Ca I +0 .04 - 0 . 2 8 - 0 . 1 0 Na I + 0 .02 - 0 . 2 6 - 0 .0 7
V I +0 .07 - 0 . 2 5 - 0 . 0 8 Cu I - 0 .2 9 - 0 . 6 2 - 0 . 5 0
Mn I -0 .0 1 - 0 . 3 4 - 0 . 1 8 Al I - 0 . 0 4 - 0 . 3 3 - 0 .1 6
S r  I Zn I - 0 . 2 6 -0 .5 9 - 0 . 5 4
Sc I I +0 .34 +0.03 +0 .03 Ba II
Ce I I Y II
X 1 Ori
Element SI»SII A  ["total'*! Element SI*SII [ " i . i ] A  ["total/*!
Fe I - 0 . 3 2 -0 .3 1 - 0 . 1 2 Fe II - 0 .0 9 - 0 . 0 8 - 0 . 1 0
Cr I - 0 . 2 7 - 0 . 2 4 - 0 . 0 7 Gr II - 0 . 2 0 - 0 . 1 8 - 0 . 1 8
T i I - 0 . 2 6 - 0 . 2 6 - 0 . 0 9 Ti II 0 .0 0 + 0 .02 +0.02
S i  I - 0 . 2 3 - 0 . 2 2 - 0 . 0 7 Si II - 0 .2 6 - 0 . 2 5 - 0 . 3 2
Mg I —0 *64 - 0 . 6 4 - 0 . 4 5 Ni I - 0 . 4 0 - 0 . 3 9 - 0 . 2 2
Ca I - 0 . 2 4 - 0 . 2 2 - 0 . 0 6 Na I - 0 . 2 3 - 0 . 2 2 - 0 . 1 0
V I —0  #10 - 0 .0 9 + 0 .0 8 Cu I - 0 . 5 3 -0 .5 1 -0 .3 5
Mn..I - 0 . 3 4 - 0 . 3 3 - 0 . 1 4 Al I - 0 . 4 8 - 0 . 4 7 - 0 . 3 2
S r  I - 0 . 3 6 - 0 . 3 3 - 0 . 2 0 Zn I - 0 . 5 4 - 0 . 5 4 - 0 . 4 4
Sc I I +0 .03 +0.05 +0 .05 Ba II +0.14 +0.15 +0.15
Ce I I +0.31 + 0 .3 2 + 0 .3 2 Y II +0.06 +0.07 +0.07
HR 2998
Element SI ’ SI I 0 *1 ,1 :[/»l O w A l Element SI»SII 0 * i , x :
Fe I +0 .46 - 0 . 3 2 - 0 . 3 5 Fe II +0.43 - 0 . 3 4 - 0 .3 4
Gr I +0 .6 0 - 0 . 1 9 - 0 . 1 2 Cr II +0.61 - 0 . 1 7 - 0 .1 7
Ti I + 0 .58 —0 .  21 - 0 . 1 2 Ti II +0.6-1 —0 .1 4 - 0 .1 4
S i  I +0.47 - 0 . 2 7 - 0 . 3 2 Si II +0.26 - 0 . 4 7 - 0 .4 4
Mg I +0 .74 -0 .0 1 - 0 . 0 3 Ni I +0.51 - 0 . 2 4 - 0 .2 9
Ca I + 0 .42 - 0 .3 9 - 0 . 1 7 Na I +0 .42 - 0 . 3 4 - 0 .0 6
V I +0 .56 - 0 . 2 3 - 0 . 1 5 Cu I +0.75 -0 .0 1 - 0 . 0 3
Mn I +0 .64 - 0 . 1 3 - 0 . 1 3 Al I +0.56 - 0 . 1 8 - 0 . 0 3
S r  I Zn I +0.43 - 0 . 3 0 - 0 . 3 6
Sc I I + 0 .5 0 - 0 .2 6 - 0 . 2 6 Ba II +0.61 - 0 . 1 6 —0 .1 6
Ce I I +0 .35 - 0 . 3 7 - 0 . 3 7 Y II ( + 1 .4 9 ) (+ 0 .7 3 ) (+ 0 .7 3 )
2 4 7
T able V-3 c o n tin u e d .
KR 3018
Elem ent SI » SI I f r i . i i [ " t o t a l Ä l
Elem ent SI» SI I & I . I I Ä 1  k o t a l Ä l
Fe I -0 .6 5 -1 .11 - 0 .82 Fe I I -O .3O -0 .7 7 -0 .8 0
Gr I -0 .7 2 - 1.18 -0 .8 5 Cr I I -0 .3 9 -0 .8 5 -0 .8 5
T i I -0 .3 4 -0 .8 0 -0 .4 7 Ti I I -0 .1 0 -0 .5 5 -0 .5 5
SI I -0 .3 5 -0 .8 0 -0 .5 9 Si I I -0 .3 3 -0 .7 8 -0 .8 7
Mg I -0 .3 4 -0 .8 0 -0 .5 0 Ni I -0 .9 2 -1 .3 5 -1 .1 0
Ca I -0 .4 9 -0 .9 6 -0 .6 0 Na I -0 .7 4 -1 .21 -0 .8 4
V I -O .18 -0 .6 5 -O .32 Cu I
Mn I —1.28 -1 .7 5 -1 .4 4 Al I -O.33 -0 .7 8 -0 .4 4
S r I Zn I -0 .6 2 —1 *08 -0 .9 8
Sc I I -0 .2 9 -0 .7 4 -0 .7 4 Ba I I -0 .3 3 - 0 .79 -0 .7 9
Ce I I -0 .0 3 -0 .4 8 -0 .4 8 Y I I -0 .9 2 - 1 .37 -1 .3 7
HR 3992
Element SI ’ SI I A l  [ " t o t a l s Elem ent SI ’SI I [ N l . I I ^ l k o t a l ^
Fe I -0 .1 2 -0 .7 2 -0 .4 3 Fe I I +0.20 -0 .3 9 -0 .3 9
Cr I 0 .0 0 -0 .6 0 -0 .2 6 Cr I I +0.23 -0 .3 6 -0 .3 6
Ti I -0 .01 -0 .61 -0 .2 7 T i I I +0.36 -0 .2 2 -0 .2 2
S i I -0 .0 2 -0 .5 9 -0 .3 2 S i I I -0 .1 3 -0 .7 0 -0 .71
Mg I -O.O3 -0 .6 2 -O .32 Ni I -0 .0 7 -0 .6 6 -0 .3 8
Ca I —0 . 1 6 -0 .7 7 -0 .3 8 Na I +0.02 -0 .5 7 —0 . 1 6
V I -0 .0 7 -0 .6 7 -0 .3 3 Cu I 0 .0 0 -0 .5 8 -0 .2 9
Mn I -0 .3 3 -0 .9 2 -0 .61 Al I -0 .2 8 -0 .8 6 -0 .5 0
S r I -0 .3 5 -0 .9 5 -0 .5 4 Zn I 0 .0 0 -0 .5 8 -0 .3 9
Sc I I +0.37 -0 .21 -0 .21 Ba I I +0.46 -0 .1 4 —0 .1 4
Ce I I +0.05 -0 .5 2 -0 .5 2 Y I I +0.02 -0 .5 7 -0 .5 7
HR 4523
Elem ent S p S n & i , i :[ ^ 3  K o t a l A l Elem ent SI . SI I k o t a l Ä l
Fe I -0 .0 9 -0 .3 9 -0 .51 Fe I I -0 .1 5 -0 .4 5 -0 .4 3
Cr I -0 .0 9 -0 .4 0 -0 .4 7 Cr I I -0 .2 7 -0 .5 7 -0 .5 7
T i I +0.07 -0 .2 5 -O.32 T i I I -0 .1 0 -0 .3 9 -0 .3 9
S i I -0 .1 3 -0 .4 2 -0 .5 2 S i I I -0 .1 7 -0 .4 5 -0 .3 8
Mg I +0.19 -0 .1 0 -0 .2 2 Ni I -0 .1 6 -0 .4 5 -0 .5 5
Ca I -0 .0 4 -0 .3 6 -0 .4 0 Na I -0 .0 2 -0 .3 3 -0 .3 9
V I 0 .00 -0 .3 1 -0 .4 2 Cu I +0.09 -0 .21 -O .31
Mn I -0 .2 4 -0 .5 4 -0 .6 6 Al I +0.04 -0 .2 4 - 0 .28
S r I -0 .3 5 -0 .6 8 -0 .6 2 Zn I -0 .0 4 -O .32 -0 .4 0
Sc I I +0.03 -0 .2 6 -0 .2 5 Ba I I +0.03 -0 .2 7 -0 .2 7
Ce I I -0 .1 7 —0 • 44 -0 .4 4 Y I I +0.04 -0 .2 5 -0 .2 5
Table V-3 continued
HR 4587
Element SI ’ SI I [ n^ i i / h] & t o t a l /k ] Element SI*SI I [K n / S j  [ » t o t a l ' l l
Fe I +0 .50 +0.45 + 0.18 Fe I I +0.18 +0 .14 +0.19
Cr I +0 .58 +0.53 +0.27 Cr II +0.24 +C.20 +0.21
Ti I +0.54 +0.49 +0.23 Ti I I +0 .30 +0.27 +0.28
S i I +0 .58 +0.55 +C.37 S i I I -0.06 -0 .08 +0.08
Mg I +0.18 +0.14 -0.15 Ni I +0 .54 +0 .5 0 +0 .28
Ca I +0.59 +0 .53 + 0.32 Na I +0.81 +0 .77 +0.59
V I +0 .62 +0.57 + 0.31 Cu I ( + 1 .16) ( + 1.12) ( +0 .9 1 )
Mn I +0.53 +0.48 +0.20 Al I +0.66 +0 .63 4*0 • 4-0
Sr I +0 .74 +0.68 + 0.50 Zn I +0.53 +0 .5 0 +0.41
Sc I I +0 .30 +0 • 26 +0.26 3a I I -0.01 -0.06 -0.06
Ce II +0 .25 +0.23 +0.24 Y II +0 .82 +0 .78 +0.78
\>2 I up
Element SI» SII [X j . u A l [ » to t a l /“ ? Element s r s n & I .I l / f l [" to ta l/» ?
Fe I -0 .12 -0.53 -0 .52 Fe I I -0.12 -0 .5 2 -0 .52
Cr I -0 .22 - 0.64 - 0.58 Cr I I -0 .18 -0 .59 - 0.59
Ti I +0 .10 -0.31 -0.24 Ti I I +0.16 -0 .23 -0.23
S i I +0.01 -0 .38 -0.39 Si II -0 .41 -0.79 - 0.79
Mg I +0.11 —0 .28 -0.27 Ni I -0 .20 -0 .57 -0 .57
Ca I +0 .03 -0.39 -0.27 Na I -0.06 -0.45 -0 .30
V I +0 .04 -0.37 -0.31 Cu I -0.27 -0 .6 8 - 0.67
Mn I -0 .40 - 0.81 - 0.78 Al I -0 .0 4 -0 .42 -0.33
Sr I -0 .06 -0 .50 - 0.35 Zn I -0.26 -0.65 -0.67
Sc II 0 .00 - 0 .40 - 0 .4 0 Ba I I +0.13 - 0 .3 0 -0 .30
Ce II +0.03 -0.37 - 0.37 Y I I -0.17 -0 .58 -0 .58
Element SI ’ SII
X
C»i . i i / h]  [ » t o t a l /1]
5er
Element SI » SI I [ R i . i j / h] [ » t o t a l /“]
Fe I -0.13 -0.24 -0 .02 Fe I I +0 .10 -0.01 +0.01
Cr I -0 .10 -0 .20 +0 .02 Cr I I +0 .23 +0.13 + 0.12
Ti I -0 .02 -0 .1 2 + 0 .10 Ti I I +0 .2C +0.09 +0.09
S i I 0 .0 0 •0.11 +0.07 Si I I - 0.. 14 -0.25 - 0.33
Mg I +0 .20 +0 .08 +0.31 Ni I -0 .17 -0.29 - 0.09
Ca I -0 .2 2 -0 .32 - 0 .12 Na I -0 .05 -0.16 + 0.03
V I +0 .08 -0.03 + 0.19 Cu I 0 .00 -0.11 + 0.08
Mn. I -0.15 -0.26 -0 .03 Al I -0 .1 0 -0 .22 - 0.01
Sr I -0.04 -0 .14 +0.05 Zn I -0 .1 0 -0 .22 -0.11
Sc I I +0 .22 +0 .10 + 0 .10 Ba I I +0 .3S +0 .28 + 0.28
Ce II :-0 .06 •0.06 -0 .07 Y II
2 4 9
T a l l e  V-3 c o n t in u e d .
18 Sco
Element SI » SH *1 ["total/®] Element SI ’ SI I r » I . n A ]  S t o t a l ^
Fe I -0 .0 4 -0 .11 +0.01 Fe I I +0.12 +0.05 +0.04
Cr I +0.12 +0.06 +0.19 Cr I I +0.20 +0.13 +0.13
T i I +0.10 +0.04 +0.17 Ti I I +0.22 +0.15 +0.15
Si I -0 .0 8 -0 .1 5 -0 .0 6 Si I I -0 .3 0 -0 .3 7 - 0 .4 2
Mg I +0.20 +0.13 +0.26 Ni I 0 .00 -0 .0 7 +0.04
Ca I 0 .00 -0 .0 6 +0.06 Na I +0.02 -0 .0 5 +0.06
V I +0.10 +0.03 +0.16 Cu I +0.10 +0.03 +0.14
Mn I -0 .0 3 -0 .1 0 +0.03 Al I -0 .0 6 -0 .1 3 -0 .01
S r  I +0.27 +0.21 +0.32 Zn I -0 .0 5 - 0 .1 2 -0 .0 7
Sc I I +0.35 +0.28 +0.28 Ba I I -0 .01 - 0 .0 8 -0 .0 8
Ce I I +0.11 +0.04 +0.04 Y I I +0.42 +0.35 +0.35
HR 6516
Element SI ’ SI I M C»total/®3 Element SI » SI I C"i . i i / h] [Nt o t a l A 0
Fe I +0.21 +0.23 +0.02 Fe I I -0 .0 4 -0 .0 2 +0.02
Cr I +0.19 +0.21 0 .0 0 Cr I I -0 .0 6 -0 .0 6 -0 .0 5
Ti I +0.28 +0.30 +0.09 Ti I I +0.06 +0.09 +0.09
S i I +0.17 +0.21 +0.07 Si I I -0 .1 7 -0 .1 3 -0 .0 2
Mg I +0.46 +0.49 +0.27 Ni I +0.17 +0.21 +0.04
Ca I +0.16 +0.17 -0 .01 Na I +0.23 +0.25 +0.09
V I +0.32 +0.34 +0.13 Cu I +0.16 +0.19 +0.02
Mn I +0.21 +0.23 +0.02 Al I +0.28 +0.32 +0.13
S r  I +0.33 +0.34 +0.18 Zn I - 0 .1 0 -0 .0 7 -0 .1 4
Sc I I +0.22 +0.25 +0.25 Ba I I +0.12 +0.14 +0.14
Ce I I +0.12 +0.16 +0.17 Y I I -0 .0 2 +0.01 +0.01
31 Aql
Element S p S n & i , i : M  I w 3 Element SI» SH [Nj . i i / h! [ " to t a l / ? !
Fe I +0.62 +0.72 +0.50 Fe I I +0.39 +0.49 +0.53
Cr I +0.69 +0.80 +0.57 Cr I I +0.48 +0.59 +0.60
T i I +0.76 +0.87 +0.64 Ti I I +0.45 +0.57 +0.57
Si I +0.71 +0.83 +0.68 Si I I +0.37 +0.49 +0.61
Mg I +0.38 +0.49 +0.26 Ni I +0.70 +0.82 +0.64
Ca I +0.60 +0.70 +0.49 Na I +0.94 + 1.04 +0.84
V I +0.87 +0.97 +0.74 Cu I +1.51 ■f 1 o 6 2 +1.45
Mn I +0.77 +0.87 +0.64 Al I +0.63 +0.75 +0.53
S r  I Zn I +0.83 +0.95 +0.88
Sc I I +0.46 +0.58 +0.58 Ba I I +0.46 +0.56 +0.56
Ce I I +0.48 +0.60 +0.61 Y I I +0.17 +0.29 +0.29
2 5 0
T ab le  V-3 c o n tin u e d .
HR 7644
Elem ent s i , s n LNj . h / h]  & t o t a l /* 3 Elem ent SI ’ SI I LNI t n /H [  [Nt o t a l /H j
Fe I -0 .1 2 - 0 . 3 9 - 0 . 2 7 Fe I I - 0 . 0 5 - 0 . 3 2 - 0 . 3 3
Cr I - 0 . 2 3 -0 . 5 0 - 0 . 3 6 Cr I I - 0 . 0 3 - 0 . 2 9 - 0 . 2 9
T i  I - 0  02 - 0 . 2 9 - 0 . 1 5 T i I I + 0 . 1 7 - 0 . 0 9 - 0 . 0 9
S i I - 0 . 0 2 - 0 . 2 6 - 0 . 1 8 S i I I - 0 . 2 4 - 0 . 4 8 - 0 . 5 3
Mg I -0 .1 1 - 0 . 3 5 - 0 . 2 2 Ni I - 0 . 2 2 - 0 . 4 9 - 0 . 3 9
Ca I  
V I
-0 .0 1
- 0 . 0 4
- 0 . 2 8
- 0 . 3 1
- 0 . 1 3
- 0 . 1 7
Na I  
Cu I
- 0 . 2 0
+ 0 . 1 1
- 0 . 4 4  
— 0 . 1 6
- 0 . 2 8
- 0 . 0 6
Mn I - 0 . 4 0 - 0 . 6 7 - 0 . 5 4 Al I - 0 . 0 1 - 0 . 2 5 - 0 . 1 0
S r I Zn I - 0 . 1 2 - 0 . 3 9 - 0 . 3 5
Sc I I + 0 . 1 8 - 0 . 0 8 - 0 . 0 8 Ba I I + 0 . 2 8 - 0 . 0 2 - 0 . 0 2
Ce I I - 0 . 0 6 - 0 . 3 6 - 0 . 3 6 Y I I
O i . i i / h]
51 Peg
[ " to ta l /* !Elem ent SI » SI I K o t a l ^ l Elem ent SI ’ SI I Ln i , i i / h|
Fe I + 0 . 2 3 + 0 . 1 3 + 0 . 1 2 Fe I I + 0 . 2 0 + 0 . 1 0 + 0 . 1 0
Cr I + 0 . 2 6 + 0 . 1 6 + 0 . 1 6 Cr I I
T i I + 0 . 1 8 + 0 . 0 8 + 0 . 0 8 T i I I + 0 . 2 3 + 0 . 1 4 + 0 . 1 4
Si I + 0 . 2 4 + 0 . 1 6 + 0 . 1 5 S i I I - 0 . 1 4 - 0 . 2 2 - 0 . 2 2
Mg I —0 • 18 - 0 . 2 6 - 0 . 2 7 Ni I + 0 .2 2 + 0 . 1 3 + 0 . 1 2
Ca I + 0 . 1 6 + 0 . 0 6 + 0 . 0 7 Na I + 0 . 1 8 + 0 . 1 0 + 0 . 1 2
V I + 0 . 3 1 + 0 . 2 1 + 0 . 2 1 Cu I + 0 . 6 0 + 0 . 5 1 + 0 . 5 0
Mn I + 0 . 2 3 + 0 . 1 3 + 0 . 1 3 Al I + 0 . 2 5 + 0 . 1 7 + 0 . 1 8
S r I Zn I - 0 . 2 4 - 0 . 3 4 - 0 . 3 5
Sc I I + 0 . 2 3 + 0 . 1 4 + 0 . 1 4 Ba I I + 0 . 4 3 + 0 . 3 2 + 0 . 3 2
Ce I I + 0 . 3 3 + 0 . 2 3 + 0 . 2 3 Y I I ( - 0 . 1 6 ) ( - 0 .2 6 ) ( - 0 . 2 6 )
2 5 1
TABLE V-4
The t a b l e  g iv e s  t h e  adop ted  u n c e r t a i n t i e s ,  due t o  random e r r o r s ,  i n  t h e  h o r i z o n t a l
curve  of g row th  s h i f t s  «TS, and th e  r e s u l t i n g  u n c e r t a i n t i e s  i n  t h e  abundances [ m/H  
f o r  u n c e r t a i n t i e s  i n  AO of ± 0 .0 1  and ± 0 .02«  Also g iv en  a re  t h e  u n c e r t a i n t i e s  i n  
fftl/Fejj f o r  e i t h e r  of t n e s e  t e m p e r a tu r e  u n c e r t a i n t i e s .  In  t h e  ca se  o f t h e  Fe I  
c u r v e s ,  CTS r e f e r s  t o  t h e  u n c e r t a i n t y  i n  t h e  q u a n t i t y  Spe j  + [V]]. The Q»i/Fe] un­
c e r t a i n t i e s  have been computed f o r  an Fe abundance d e r iv e d  from Fe I  a l o n e .  I f  t h e  
w e ig h ted  mean o f  j_Fe/H^] from  Fe I  and Fe I I  i s  u s e d ,  t h e n  t h e  [^M/Fe] u n c e r t a i n t i e s  
a re  s l i g h t l y  re d u c e d .
Qvfl
Elem ent O ' S c r A 9 =  ± 0 .0 1  CTA 9  = ± 0 . 0 2  [ k / F e ]
Fe I i  0.1 0 .1 2 db0 .17
F e I I 0.1 0 .1 6 0 .2 0
Cr I 0.1 0 .1 5 0 .1 9  = t 0 . 1 2
Cr I I 0 .2 0 .19 0 .2 2 0 .1 6
Ti I 0.1 0 .15 0 .19 0 .1 2
Ti I I 0.1 0 .1 6 0 .2 0 0 .1 2
S i I 0.1 0 .1 6 0.21 0.1 2
S i I I 0 .4 0 .4 3 0 .4 4 0.41
Mg I 0 .2 0 .2 3 0 .2 6 0.21
Ni I 0.1 0 .16 0 .2 0 0 .1 2
Ca I 0.1 0 .1 5 0 .1 8 0 .1 2
Na I 0 .2 0 .2 3 0 .2 4 0.21
V I 0 .2 0 .2 3 0 .2 5 0.21
Cu I 0 .4 0 .4 2 0 .4 4 0.41
Mn I 0.1 0 .1 6 0 .2 0 0 .1 2
A1 I 0 .3 0 .3 2 0 .3 3 0 .33
S r I 0 .4 0 .4 2 0 .4 2 0.41
Zn I 0 .3 0 .3 3 0 .36 0.31
Sc I I 0 .2 0 .2 5 0 .2 8 0 .23
Ba I I 0 .3 0 .3 4 0 .3 6 0 .3 2
Ce I I 0 .4 0 .4 3 0 .4 4 0.41
Y I I 0 .4 0 .4 3 0 .4 4 0.41
Li I 0 .4 0 .4 2 0 .4 2 0.41
C 0 .2 0 .3 0 0 .3 5 0 .2 5
252
TABLE V-5
o
This table gives details of the lithium line at 6707o8 A in the red plate3. No line
was detectable in those plates not mentioned. For those plates where the line could
o o
be reliably measured, it was found at 6707.8 A±0.1 A.
Star Plate Notes
P Hyi 4486 Rc = 0.14 log(W/A) = -5.14
4541 Rc = 0.18 log(W/A) = -4.99
A2 For 4431 Broad feature which may be noise. R w'0.05. log(W/X )
-5.7. A=6707.
07 A.
4487 Feature with minimum at 6707.8 A. Rc^ 0.07. log(W/A )
-5.6.
10 Tau 4488 No line detectable.
4542 Rc = 0.09 log(W/A) = -5.40. The discrepancy
between 4488 and 4542 is puzzling, but 4488 is rather
noisy, whereas 4542 is a good plate.
S Eri 5060 Rc = 0.07 log(W/A) = -5.58
5062 R = 0.08 c log(W/\) = -5.48
HR 1536 4489 Rc = 0.18 log(W/X) = -4.93
5075 Rc = 0.17 log(W/A) = -5.00
104 Tau 4543 Broad shallow feature Rc'—>0.05, log(W/X ) -5.7.
May be emulsion fault here.
5076 Rc = 0.095 log(W/X) = -5.38
X! Ori 4569 Rc = 0.24 log(W/X) = -4.82
5615 Rc = 0.18 log(W/X) = -4.89
HR 3992 5005 Rc = 0.11 log(W/X) = -5.34
5061 R = 0.12 c . log( W/X ) = -5.27
V2 Lup 5003 Some evidence for weak line, R^O.05, log(W/\)^ -5
May be noise.
5004 No line detectable.
X Ser 4370 No line detectable.
4573 May be present with R^O.05, log(W/X) ^ -5.7.
Plate rather noisy.
1 8 Sco 4371 No line detectable.
o
4824 Slight depression at 6707.7 A. If line present at all,
then log(W/X) v—s-5.7.
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TABLE 7-7
T h is  t a b le  g i v e s  d e t a i l s  o f  th e  d e term in a t io n  o f  th e  carbon abundances [ c/ hQ from 
l i n e s  of th e  CH m o le c u le .  S i s  th e  curve o f  growth s h i f t ,  [ pq/ ^ h J I s "the lo g a r i t h m ic  
abundance o f f r e e  carbon, [jP^] i s  hydrogen p r e s s u r e ,  and [a ^ ]  i s  the  c o r r e c t i o n  
te rm  which a l lo w s  f o r  th e  form ation  o f  carbon monoxide t o  o b ta in  J^C/hJ .  The f i f t h  
column i s  ex p la in e d  in  th e  t e x t  ( c h a p te r  V ) . r  + (Il/H) x l ]
S t a r S Cpc/ ^ hI & h I
u n ur
+ ( i H-  - d ) . A 0 Tc/ h]
P> Hyi +0.04 - 0 .1 5 - 0 .1 7 -0 .1 9 - 0 .0 2 - 0 . 1 7
X2 F o r - 0 .0 5 - 0 .1 5 - 0 .0 9 - 0 . 1 0 -0 .0 1 - 0 . 1 6
10 Tau - 0 .2 2 +0.01 -0 .2 9 +0.23 - 0 .0 2 -0 .0 1
& E r i +0.65 - 0 .1 5 - 0 . 5 0 - 0 .8 2 +0.14 -0 .0 1
HR 1536 - 0 . 2 0 +0.14 - 0 .4 8 +0.34 - 0 .0 2 + 0 .1 2
104 Tau + 0 .3 0 +0.15 - 0 .1 6 - 0 .1 2 -0 .0 1 +0.14
H Ori - 0 .1 8 - 0 .0 8 +0.05 +0.09 - 0 . 0 2 - 0 . 1 0
HR 2998 +0.73 +0.13 - 0 .6 5 - 0 .5 8 +0.01 +0.14
HR 3018 +0.26 - 0 . 1 0 - 0 .1 9 -0 .3 6 - 0 .0 2 - 0 . 1 2
HR 3992 +0.07 - 0 .2 6 - 0 .4 3 - 0 .3 3 - 0 . 0 2 - 0 . 2 8
HR 4523 +0.54 - 0 .0 6 +0.03 - 0 .5 8 +0.01 - 0 .0 5
HR 4587 +0.46 +0.33 - 0 .1 3 - 0 .1 2 +0.06 + 0 .39
V  2 Lup +0.47 - 0 .0 6 - 0 .0 8 -0 .5 1 0 .0 0 - 0 . 0 6
X S e r - 0 .0 4 +0.23 - 0 .2 8 +0.27 - 0 .0 2 +0.21
18 Sco +0.23 +0.39 - 0 .1 8 +0.16 -0 .0 1 + 0 .38
HR 6516 +0.24 +0.16 - 0 .0 3 - 0 .0 7 +0.02 +0 .18
31 Aql +0.38 +0.69 - 0 .2 9 +0.31 +0.04 + 0 .73
HR 7644 +0.13 - 0 . 0 7 - 0 . 0 7 - 0 .1 8 -0 .0 1 - 0 . 0 8
51 Peg +0.07 +0.04 - 0 .0 9 -0 .0 1 +0.01 +0.05
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TABLE V-8
This table compares the abundances obtained in earlier analyses with the present ones for 
four of the stars studied in this thesis. The table gives CMt0tal//Hl excePt *or 3018,
for which Kondo (1957) tabulated^], the curve of growth shift for X=0.0. The numbers in
brackets refer to the numbers of lines used in the earlier analyses.
ß  Hyi' This
Rodgers and Bell (1963) thesis
^  Eri
Pagel (1963)
This
thesis
A © +0.05 +0.01 A © +0.15 +0.16
CO -0.63 -0.33 r a -0.8 -0.88
C(from C I) -0.63 (1) -0.17 (from CH) C(from CH) -0.26 (6) -0.01
Na -0.45 (1) -0.21 Na +0.37 (3) +0.38
Mg -0.43 (9) -0.38 Mg -0.06 (3) -0.07
A1 -0.44 (2) -0.18 Ca +0.07 (12) -0.08
Si -0.59 (3) -0.30 Sc II (-0.4) (1) -0.06
Ca -0.32 (9) -0.27 Ti I +0.08 (21) -0.14
Sc -0.25 (8) -0.17 Ti II -0.06 (18) -0.02
Ti -0.29 (44) -0.24 V I +0.36 (20) +0.22
V -0.42 (14) -0.25 Cr I +0.16 (36) -0.06
Cr -0.36 (22) -0.28 Cr II +0.11 (5) -0.30
Mn -0.33 (16) -0.32 Mn I -0.02 (15) -0.11
Fe -0.30 (172) -0.31 Fe I -0.09 (125) -0.26
Ni -0.27 (13) -0.32 Fe II +0.11 (10) -0.29
Zn -0.34 (2) -0.53 Ni -0.04 (11) -0.21
Sr -0.63 (3) -0.26 Ba +0.2 (2) -0.20
Y -0.57 (6) -0.54 Ce -0.4 (2) -0.13
Ba -0.31 (2) +0.02
Ce -0.55 (9) -0.06
\  Ser
Powell (1970)
This
thesis
HR 3018 
Kondo (1957)
This
thesis
A © -0.02 -0.03 A © -0.05 +0.02
CM -0.06 -0.07 Mg I -0.59 (1) -0.34
Fe +0.10 -0.01 Ca I -1.02 (7) -0.49
C(from CH) -0.03 (2) +0.21 Sc II -0.49 (3) -0.29
Na I +0.04 (1) +0.03 Ti I -0.50 (6) -0.34
Mg I -0.21 (1) +0.31 Ti II -0.47 (10) -0.10
Ca I -0.08 (4) -0.12 V I -1.56 (2) -0.18
Sc II -0.08 (2) +0.10 Cr I -1.06 (4) -0.72
Ti I +0.07 (12) +0.10 Cr II +0.41 (1) -0.39
Ti II +0.15 (7) +0.09 Mn I -1.10 (2) -1.28
V I +0.06 (3) +0.19 Fe I -0.98 (32) -0.65
Cr I -0.09 (14) +0.02 Fe II +0.01 (6) -0.30
Cr II -0.08 (2) +0.12 Ni I -0.76 (5) -0.92
Mn I -0.16 (6) -0.03 Ba II -1.13 (1) -0.33
Ni I +0.01 (8) -0.09
3a II -0.18 (1) tO/88
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TABLE VI-1
This table lists the gravities measured from the model atmosphere 
calibration of |P0~J in terms of log g. Also listed is the mean metallic 
electron donor abundance defined by:
-Mel.don./H'J 
St ar
= -^ -([pe/H] + [Mg/HJ + (Si/H~]) 
log g [j4 1  ^el.don.
ß  Hyi 3.80 -0.33
X2 For 4.09 -0.23
10 Tau 3.96 -0.12
S Eri 3.36 -0.16
HR 1536 3.75 +0.27
104 Tau 3.98 -0.17
X1 Ori 4.44 -0.21
HR 2998 3.12 -0.23
HR 3018 3. 70 -0.63
HR 3992 3.36 -0.35
HR 4523 4.08 -0.40
HR 4587 4.24 +0.14
\X Lup 3.92 -0. 39
X Ser 3.94 +0.12
18 Sco 4.18 +0.08
HR 6516 4.39 +0.12
31 Aql 4.26 +0.49
HR 7644 4.08 -0.23
51 Peg 4.27 0.00
Sun 4.40 0.00
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TABLE VI-2
This table gives vakues for log T (derived from A© ), the bolometric correction, 
the apparent visual magnitude, the distance modulus (sign reversed), the absolute 
visual magnitude and the absolute bolometric magnitude. The error limits, which 
apply to the last three columns, were derived solely from those given for the 
parallax by Jenkins (1952).
Star loS Te B.C. V -D. Mod. My Mbol
P> Hyi 3.758 -0.01 2.79 +0.92 3.71 3.70db0.10
For 3.763 0.00 5.79 -1.55 4.24 4.24 0.31
10 Tau 3.778 +0.04 4.28 —1.34 2.94 2.98 0.20
§ Eri 3.690 -0.26 3.54 +0.19 3.73 3.47 0.08
HR 1536 3.768 +0.02 5.76 -2.41 3.35 3.37 0.40
104 Tau 3.758 -0.01 5.65* -1.18 4.47 4.46 0.27
XI Ori 3.778 +0.04 4.41 +0.02 4.43 4.47 0.13
HR 2998 3.711 -0.15 5.05 -1.51 3.54 3.39 0.35
HR 3018 3.753 -0.02 5.36 -1.22 4.14 4.12 0.27
HR 3992 3.743 -0.04 6.13 —1 • 88 4.25 4.21 0.37
HR 4523 3.734 -0.07 4.90 —0.18 4.72 4.65 0.18
HR 4587 3.739 -0.09 5.54 -0.48 5.06 4.97 0.14
Lup 3.739 —0.09 5.66 -1.15 4.51 4.42 0.26
X Ser 3.773 +0.03 4.43 -0.20 4.23 4.25 0.12
18 Sco 3.768 +0.02 5.50 -1.15 4.35 4.37 0.19
HR 6516 3.748 -0.03 5.97##6.17 -1.51
4.46
4.66 4.434.63 0.18
31 Aql 3.753 -0.02 5.17 -1.15 4.02 4.00 0.19
HR 7644 3.758 -0.01 6.08 -1.64 4.44 4.43 0.33
51 Peg 3.758 -0.01 5.50 -0.68 4.82 4.81 0.18
Sun 3.763 0.00 4.79 4.79
* refers to one component only. V=4.90 for the whole system. Am=0.00
** each component listed separately, assuming Am=o?20 . For whole system V=5 .31.©My =4.79 after Allen (1962).
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TABLE VI-3
This table lists the masses of the stars determined
a) from the spectroscopic gravities (chap. VI) and
b) from interpolation in the evolutionary tracks of 
Demarque and Larson (1964) and Hallgren and Demarque 
(1966) (chap VII). The spectroscopic masses are expected 
to have random errors of about a factor of two, but 
their appears also to be a systematic error of 20 per 
cent. An increase in all gravities (table VI-1) by
0.07 in the logarithm would eliminate this.
Star O0n®)ev
f > Hyi 0.72 1.02
X2 For 0.81 0.99
10 Tau 1.67 1.25
S Eri 0.60 1.13
HR 1536 0.79 1.15
104 Tau 0.54 * 0.97 *
Xl Ori 1.28 1.05
HR 2998 0.41 1.14
HR 3018 0.41 0.97
HR 3992 0.19 0.94
HR 4523 0.71 0.87
HR 4587 0.73 0.90
Lup 0.58 0.90
X Ser 0.52 1.03
18 Sco 0.85 1.01
HR 6516 1.43 * 0.93 *
31 Aql 1.64 0.99
HR 7644 0.70 0.97
51 Peg 0.83 0.99
* mean mass of one component.
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TABLE VII-1
This table gives the ages obtained from the isochrones 
constructed by Sandage and Eggen (1969) from the evolutionary 
tracks of Iben (1967) and of Aizenman, Demarque and Miller (1969)* 
The mean of these a&es was used in chapter VII.
Star a iben aadm A mean Iben/ADM
Hyi 8.7 7.0 7.9 1.24
X2 For 8.7 6.7 7.7 1.30
10 Tau 5.0 4.5 4.8 1.11
$ Eri 8.3 6.7 7.5 1.24
HR 1536 6.9 5.7 6.3 1.21
104 Tau 8.0 6.5 7.3 1.23
Ori 2.9 2.3 2.6 1.26
HR 2998 7.7 6.2 7.0 1.24
HR 3018 10.5 8.3 9.4 1.27
HR 3992 11.8 9.2 10.5 1.28
HR 4523 11.7 10.0 10.9 1.17
HR 4587 6.0 6.6 6.3 0.91
V 2 Lup 12.0 9.8 10.9 1.22
X Ser 6.6 5.3 6.0 1.25
18 Sco 6.4 5.6 6.0 1.14
HR 6516 9.6 8.0 8.8 1.20
31 Aql 10.3 8.0 9.2 1.29
HR 7644 8.4 6.8 7.6 1.24
51 Peg 2.9 3.7 3.3 0.78
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TABLE VII-2
The columns in this table are the U velocity (away from the Galactic centre) in km/sec, 
the angular momentum per unit mass h in units of 10 kpc km/sec, the W velocity (towards 
the north Galactic pole) in km/sec, the eccentricity, and the maximum height reached 
above the Galactic plane in parsecs. U and W are relative to the local standard of 
rest. The figures of the last two columns were obtained in the same way as Eggen, 
Lynden-Bell and Sandage (1962) did so for the stars they considered.
Star ULSR h WLSR e 2max
f i Hyi 41. 222. -22. 0.18 272
X2 For -27. 247. — 1 • 0.09 11
10 Tau —9 » 251. -33. 0.03 447
$  Eri 3. 292. 20. 0.23 241
HR 1536 42. 187. —1 2. 0.31 135
104 Tau 16. 240. 38. 0.07 533
Ori -24. 268. — 1 • 0.13 11
HR 2998 -48. 235. -29. 0.16 381
HR 3018 148. 209. 46. 0.47 690
HR 3992 34. 217. -11. O.18 122
HR 4523 52. 227. 11. 0.19 1 22
HR 4587 -32. 248. -10. 0.10 109
\)2 Lup 122. 203. 51. 0.41 797
X Ser 39. 241 . -33. 0.13 447
18 Sco -41. 247. -23. 0.13 289
HR 6516 53. 219. -15. 0.21 171
31 Aql 113. 241. —17 • 0.35 198
HR 7644 76. 225. -54. 0.26 871
51 Peg 4. 237. 22. 0.06 272
Sun —10. 265. 7 . 0.09 75
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